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CHANGES IN PHOSPHATE AND CARBOHYDRATE 
METABOLISM IN SHOCK 

Bt E. 8. GORANSON,* J. E. HAMILTON, and R. E. HAI8T 
(From the Department of Physiology, University of Toronto, Toronto, Canada) 

(Received for publication, December 15, 1947) 

In recent years there have been many studies concerning the metabolic 
disturbances in shock secondary to injury, hemorrhage, and bums. Among 
the very marked changes reported are those involving carbohydrates. The 
glycogen stores of liver (1) and muscle are reduced in rats shocked by limb 
injury, and these tissues are unable to replenish their glycogen stores after 
glucose administration. The blood sugar levels first increase and later are 
reduced to normal values or below. After glucose administration by mouth 
the blood sugar is greatly elevated, the high level persisting for many hours. 
The administration of insulin reduces the blood sugar level in these animals 
but does not improve the storage of glycogen in the liver (1). It will be 
shown in this paper that insulin does not prevent reduction in the glycogen 
level in untraumatized muscle in the shocked rats. These observations 
suggest that insulin may accelerate the utilization of sugar in peripheral 
tissues in these animals. Sacks (2) first showed that insulin increased the 
incorporation of P 82 in adenosine triphosphate (ATP) and phosphocreatine 
(PC) in normal anesthetized cats. In view of this finding and because of 
the carbohydrate changes mentioned, a comparison was made between the 
effect of insulin on the uptake of P 32 in ATP and PC in shocked and in nor¬ 
mal animals. 

Some workers (3) suggest that an important factor in the development 
of shock is the depletion of high energy phosphorus compounds essential 
for the metabolism of carbohydrate. To investigate this possibility a study 
of the labile phosphates in the muscle of shocked rats was made with radio¬ 
active phosphorus. 

Materials and Methods 

Rats of Wistar strain, weighing between 150 and 250 gm., were the test 
animals. Glycogen estimations were made by a modification of the method 
of Good, Kramer, and Somogyi (4). Radiophosphorus in the form of 
disodium phosphate was used for the phosphorus studies. Tissue samples 
were taken under sodium amytal anesthesia. The tissues were frozen 
immediately by immersion in liquid air, then finely powdered in a chilled 

* Submitted in partial fulfilment of the requirement# for the degree of Doctor of 
Philosophy at the University of Toronto. 
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mortar, and transferred to a taxed tube for weighing. The phosphates 
were extracted in 10 per cent trichloroacetic acid at 0°. Inorganic phos¬ 
phate, phosphocreatine, and total acid-soluble phosphate fractions were 
determined according to the methods of Fiske and Subbarow (5) and ATP 
as the 7 minute-hydrolyzable phosphorus in 1 n HC1 at 100°. 

Aliquots of each phosphate fraction were taken for the determination of 
its isotopic content. The phosphorus was precipitated from the neutralized 
aliquot with magnesia mixture, as magnesium ammonium phosphate. 
Tubes were generally allowed to .stand overnight, although Furchgott and 
Shorr (6) find that a few hours are sufficient for precipitation. Following 
precipitation, the tubes were centrifuged and the supernatant discarded. 
The precipitate was redissolved in 2 per cent HC1 (1 cc.) and transferred 
with two washings of 1 cc. each to filter papers (7 cm.), placed on 8 inch 
squares of vitafilm (Haugh’s Products, Toronto), and allowed to dry in air. 
After drying, the vitafilm was folded into envelopes and sealed with cellulose 
tape. The samples were then read in a Geiger-Muller counter. Estima¬ 
tion of the isotopic content of the phosphate sample was based on the counts 
per minute per rag. of phosphorus recovered in the sample. This gives a 
measure of the specific activity of the sample. 

In the shock experiments the value for the isotope was standardized by 
calculating the activity on the basis of the amount of radiophosphorus 
injected per unit weight of the animal. The amount injected was com¬ 
puted from standards made up from aliquots of the preparation for injec¬ 
tion. 

The experimental rats were given 1 cc. of 25 per cent glucose by stomach 
tube and then were fasted for 24 hours prior to tissue sampling. Shock was 
induced by a clamping procedure (1). The clamps were applied to both 
hind legs and left in place for from 12 to 14 hours. After removal of the 
clamps shock began to develop. 


Results 

Muscle Glycogen —Fasted rats were shocked as described above. In one 
group the animals remained in the fasting state. In a second group each 
rat received 2 cc. of 25 per cent glucose by stomach tube at the time of re¬ 
lease of the clamps. A third group received 2 units of insulin per rat at the 
time the sugar was given. Control groups with and without sugar were 
also observed. Samples of muscle were removed under sodium amytal 
anesthesia and their glycogen content determined. Fore leg samples were 
obtained from both triceps muscles and hind leg samples from*both gastroc¬ 
nemius muscles. 

In control rats the values for the glycogen content of hind leg muscle were 
similar to those obtained for fore leg muscle. In thirty shocked animals 
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the glycogen content of hind leg (injured) muscle was less than 0.05 gm. 
per cent, and in most cases was not measurable. The hind leg muscles were 
therefore not studied in the rest of the experiment. 

The glycogen values for fore leg muscles in control and shocked rats are 
shown in Fig. 1. The glycogen content of the triceps in shocked rats is 
variable but usually is much less than normal. This reduction in muscle 
glycogen is progressive, the concentration becoming lower as shock develops. 



0-38 0-43 0-23 028 033 0/9 0/8 0-23 


Kig. 1 . Glycogen concentration in fore leg muscle (triceps) for shocked rats, 
shocked rats given 2 cc. of 25 per cent glucose by stomach tube at the time the clamps 
were removed, and shocked rats given 2 units of insulin in addition to the sugar. 
Values obtained early (2 hours after removal of the clamps) and late in shock (4 hours 
after removal of the clamps) are shown. Control values for fasting rats and for rats 
4 hours after sugar administration are also given. The average values are indicated 
below each group. 

The administration of insulin and sugar together seems to delay the gly¬ 
cogen reduction in triceps muscle in shock, but does not prevent it. 

Phosphorus —Fasted rats were clamped as described above. On removal 
of the clamps, 2 cc. of 25 per cent glucose were given by stomach tube and 
at the same time radioactive phosphorus (P 82 ), as the disodium salt, was 
injected subcutaneously. Those animals receiving insulin were also in¬ 
jected at this time with 4 units, subcutaneously. 

A period of 2\ hours was allowed to elapse after the injections were made, 
in both the shocked and control groups, before tissue sampling began. In 
the clamped control group, the clamps were left in place during the tissue 
sampling. The rats were anesthetized with sodium amytal before the 
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samples were taken. The phosphate fractions and isotopic content of the 
tissue samples were determined as described previously. 

The levels for the phosphorus fractions and the P 82 values in the control 
animals, animals with the clamps left in position, and shocked animals are 
given in Fig. 2 for hind leg muscle and in Fig. 3 for fore leg muscle. It 



Fig. 2. Inorganic phosphorus (IP), phosphocreatine (PC), adenosine triphosphate 
(ATP), total acid-soluble phosphorus (TA-SP), and P 82 values for hind leg muscle in 
non-clamped control rats (C.), rats with clamps left in place (Cl.), and rats in which 
shock developed following removal of the clamps (S.). The average values are indi¬ 
cated below each group. The phosphate values are expressed as mg. of inorganic 
phosphorus per 100 gm. of wet tissue recovered from the fraction. The P 8S values 
represent the specific activity of the radioactive phosphorus present in the inorganic 
phosphorus recovered from each fraction, calculated on the basis of counts per min 
utc per mg. of P recovered per million counts injected per kilo of body weight. The 
circles on the base-line indicate amounts not measurable. 

would appear from Fig. 2 that the PC and ATP values became low in the 
hind limb as a result of the clamping procedure and remained low after the 
clamps were removed. The inorganic phosphorus of the hind leg muscle 
was elevated as a result of the clamping. When the clamps were removed, 
the values were reduced from these high concentrations but were still above 
the control levels. It also seems evident that the P 82 values for these tissues 
were greatly reduced in all fractions as a result of the clamping and that 
there frequently was some increase over the low values after the clamps 
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were removed. The changes in phosphorus of fore leg muscle (Fig. 3) were 
not marked, though there is a suggestion that when the clamps are in place 
the PC values, both as regards the actual level and the P“ content, are 



Fig. 3. Phosphate and P* 2 values for the fore leg muscles of the same group of rats 
shown in Fig. 2. 


Tabi^b I 


Phosphate Values of Blood and Liver in Shocked and Clamped Rats 




Shocked. 6 animals 

i 

Clamped controls, 

7 animals 

Undamped con¬ 
trols, 6 animals 



P* 

Specific 

activity! 

P 

Specific 
activity 1 

P 

Specific 

activity 

Blood 

Inorganic P 

11.33 

4852 

4.91 

6481 

4.98 

6169 

Liver 

M ll 

23.28 

2609 

15.96 

3362 

18.66 

2731 


Total acid-soluble P 

92.2 

2095 

88.5 

2144 

85.3 

1941 


* Inorganic phosphorus expressed as mg. per 100 gm. of wet tissue, 
t Specific activity of the P” estimated as counts per minute per mg. of P recovered 
per million counts injected per kilo of body weight. 


elevated. Clamping also appears to elevate the P 82 content of the inorganic 
phosphorus of fore leg muscle. 

The inorganic phosphorus of the blood and liver and the total acid-soluble 
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phosphorus of the liver, together with the respective P 32 values, are shown 
in Table I. The blood inorganic phosphorus values were not altered by 
the clamping procedure. In the shocked animals, however, the inorganic 
phosphorus of blood was greatly increased, though a smaller than normal 
proportion of this phosphorus was in the radioactive form. The total acid- 
soluble phosphorus and P 32 values in the liver were of the same order of 
magnitude in the shocked, clamped, and control animals. 


PHOSPHOCREATINE . ADENOSNETRIPHOSPHATE 

control control shock shock control control shock shock 
insulin insulin insulin insulin 



,51889 5L3fS6 5Q0IB9 393*65 55.9571 3MS 34326 525*67 

in 500 ! 

$ 400 | 


278555 419570 30883 368580 188528 336577 239199 257543 

Fia. 4. The effect of insulin on ATP, PC, and P J2 in shocked and control rats. The 
insulin and P" were given simultaneously by subcutaneous injection 1 hour before 
the tissue sample was taken and, in the case of the shocked rats, 1 hour after removal 
of the clamps. Average values followed by the standard deviations are indicated 
below each group of individual values. 

The effect of insulin on the PC and ATP of non-traumatized fore leg 
muscle of the shocked rats, and of the corresponding muscles in unclamped 
control rats, is shown in Fig. 4. Included in Fig. 4 also are the P 32 values 
for these fractions. There was an increase in the P 32 values of the PC and 
ATP fractions when insulin was given to control animals, but this was not 
so prominent in the shocked rats. 

DISCUSSION 

The studies concerning muscle glycogen showed that, in rats shocked by 
a clamping technique, insulin ad mini stration did not prevent reduction in 
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the glycogen concentration in the non-clamped muscle or the fall in liver 
glycogen, though it did cause a marked reduction in the blood sugar level 
in these animals. Since glycogen storage could not be entirely responsible 
for this reduction in blood sugar, a stimulation of glucose removal had to 
be considered. The results on the incorporation of P 32 in ATP and PC 
after administration of insulin suggested that a part at least of the fall in 
blood sugar level resulted from an increased breakdown of carbohydrate. 

The data show too that the damaged muscles of the clamped hind limbs 
of the shocked rats contained little or no PC or ATP, as was reported pre¬ 
viously by Bollman and Flock (7), but that the uninjured fore limb muscles 
of these animals contained these compounds in amounts not greatly different 
from those found in the corresponding muscles of the non-clamped control 
rats. The PC of fore limb muscle in clamped animals appeared to be some¬ 
what increased. The P 32 values of ATP and PC in fore limb muscle were 
likewise not greatly altered in the shocked animals, though clamping itself 
caused some elevation of P 82 in the inorganic phosphate and PC fractions. 
It should be pointed out that the tissue samples were obtained at a time 
when the liver and muscle glycogen concentrations were reduced and just 
prior to the time, after removal of the clamps, when the maximum number 
of deaths was to be expected. Under these circumstances it would seem 
unlikely that a depletion of energy-rich phosphate reserves in muscle or a 
failure in the phosphorylating mechanisms could be regarded as initiating 
factors in the sequence of events culminating in shock. 

In these shocked rats there is a gradual diminution in the energy reserves 
as manifested by the steady decline in the glycogen levels in muscle and 
liver. This decline may be initiated by a poor oxygen supply to these 
tissues (8, 9). 

It has been suggested by some workers (3) that the elevation of the blood 
inorganic phosphate in shock may reflect a breakdown of high energy phos¬ 
phate at some site in the body. In the present study a breakdown of high 
energy phosphate in the liver or in the uninjured muscle of the shocked rats 
did not appear to be involved in the elevation of the blood inorganic phos¬ 
phate. The results support the view expressed by Bollman and Flock that 
the rise in the plasma inorganic phosphate is due mainly to a diffusion of 
this material from the occluded hind limbs following removal of the clamps. 
It was observed that (a) the total acid-soluble phosphate of the traumatized 
muscles of the clamped controls was higher than that of the shocked rats, 
(b) the total acid-soluble phosphate of the liver and of the uninjured fore 
leg muscles of the shocked, clamped, and non-clamped groups of animals 
was of the same order of magnitude, and (c) the inorganic phosphate of the 
hind leg muscles of the shocked rats was appreciably lower than that of the 
clamped controls. 
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The findings obtained are consistent with the view that any change in the 
high energy compounds occurring in shock is preceded by an inadequate 
supply of oxygen to the tissues involved. A depletion of high energy phos¬ 
phate would appear to be not an initiating factor precipitating the chain of 
events leading to shock, but rather the result of some other causal factor 
or factors. 

Insulin was found to promote an increased incorporation of P 32 in the 
ATP and PC of resting muscle in normal fasted rats, in agreement with 
finding reported by Sacks (2). An increase in the specific activity of P 82 
in ATP without an appreciable increase in the total ATP present indicates 
a more rapid utilization of ATP phosphate bond energy, as well as an in¬ 
creased rate of regeneration of the ester. While recent work has empha¬ 
sized the possible action of insulin on the “hexokinase” system (10), many 
authors have suggested that insulin may play a catalytic role at some site 
in the carbohydrate cycle other than at the point of entry of glucose. If 
insulin exerts an accelerating effect on the regeneration of ATP, it may con¬ 
ceivably act at one or more of several levels in the degradation of carbo¬ 
hydrate. 

When insulin was administered to the shocked rats, its effect on the P 32 
values of ATP and PC of the non-traumatized muscles was less evident. 
One possible explanation is that the muscle receives less insulin when its 
blood supply is reduced. A second possibility is that, in the presence of a 
reduced oxygen supply, when muscle metabolism is more anaerobic, the 
influence of insulin is diminished. The findings in vitro of Krebs and Eggle¬ 
ston (11), Rice and Evans (12), Shorr and Barker (13), Stadie et ah (14), 
and Stare and Baumann (15) suggest that insulin exerts a catalytic effect 
on the oxidation of certain constituents in the tricarboxylic acid cycle. The 
oxidation of a number of dicarboxylic acids has been shown to be coupled 
with the esterification of inorganic phosphate (16,17). Under aerobic con¬ 
ditions, then, there is suggestive evidence that insulin may directly catalyze 
oxidative phosphorylations and thereby indirectly effect an increased phos¬ 
phorylation of glucose. 


SUMMARY 

1. In the uninjured muscle of rats shocked by a clamping technique there 
was a decrease in glycogen concentration which was not prevented by insu¬ 
lin. The glycogen content of the damaged (anoxic) muscle was very low. 

2. The phosphocreatine (PC) and adenosine triphosphate (ATP) content 
of the damaged muscle fell as a result of the clamping procedure and re¬ 
mained low after the clamps were removed. Inorganic phosphorus was 
elevated in the damaged muscle and the P 32 values were reduced in all phos¬ 
phorus fractions. After removal of the clamps the inorganic phosphorus 
level decreased somewhat but was still above normal. The P 82 values, 
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while still low, were frequently slightly increased above the concentration 
found in the clamped animals. 

3. The PC and ATP content of the undamaged muscle of the shocked 
animals did not differ from tliat of the non-clamped controls but the PC 
values were less than those of the clamped animals. The P 32 values for PC, 
ATP, and inorganic phosphorus appeared to be elevated by the clamping 
procedure. 

4. Insulin was found to promote an increased incorporation of P 32 in PC 
and ATP in normal fasted controls, confirming Sacks’ report (2). This 
effect of insulin was less evident in the non-traumatized muscle of the 
shocked rats. 

5. A marked elevation in the blood inorganic phosphate in the shocked 
rats was associated with a reduction in the inorganic phosphate of the dam¬ 
aged muscles following removal of the clamps. 

G. It is concluded that the reduction in the blood sugar level, produced 
by insulin in shocked rats given glucose, is due in part at least to an in¬ 
creased breakdown of carbohydrate. It is concluded too that the depletion 
of high energy phosphorus is not an initiating factor in shock. The possible 
involvement of insulin in oxidative phosphorylations is discussed. 

It is a pleasure to thank Professor C. H. Best for his interest and encour¬ 
agement in this work. We wish also to acknowledge that a part of this 
study was supported by a grant from the National Research Council of 
Canada. 
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In recent years a great deal of evidence has accumulated to show that 
intact —SH groups are necessary for the full activity of a variety of en¬ 
zymes. The exact function of the thiol group in the protein part of these 
“sulfhydryl enzymes,” however, remains obscure. It has been suggested 
that the —SH group directly participates in the activity of these enzymes, 
and that it might be actually located at the “active center” where com¬ 
bination of the enzyme and substrate takes place (1). This view is sup¬ 
ported mainly by experiments on the protection of enzymes from the action 
of —SH inhibitors (reagents capable of selectively inhibiting —SH enzymes) 
by their substrate, prosthetic group, or analogue of the substrate (2). 

If the sole function of the sulfhydryl group in these enzymes was to pro¬ 
vide a locus for the combination of the substrate with the enzyme protein, 
then the inhibition of a sulfhydryl enzyme by a specific —SH reagent 
should be the same, regardless of the substrate used for assay, provided 
that the enzyme is the limiting factor in the activity determination. To 
the author’s knowledge there are no data in the literature on this question. 
This paper is an account of some experiments on wheat germ lipase and 
D-amino acid oxidase designed to test this point. 

EXPERIMENTAL 

Methods —Pig kidney D-amino acid oxidase was prepared essentially by 
the method of Krebs (3). The resulting acetone powder was extracted 
with 10 volumes of water at 3°, centrifuged, and the supernatant solution 
was lyophilized. The dried preparation was dissolved in water to give a 
concentration of 3 mg. per ml. immediately before use. 

The lipase used in this work was prepared as follows. Unprocessed, 
whole wheat germ was throughly defatted with petroleum ether, dried, and 
ground in a Wiley mill. The stable dry powder was extracted with 10 

* A preliminary report of this work has been presented (Federation Proc. f 6, 291 
(1947)). 

Paper No. 2322, Scientific Journal Series, Minnesota Agricultural Experiment 
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volumes of ice-cold water for 15 minutes, centrifuged, and the supernatant 
solution was adjusted to pH 5.5 with 0.5 n acetic acid. The resulting sus¬ 
pension was centrifuged for 10 minutes at 3000 r.p.m., and the clear super¬ 
natant fluid was readjusted to pH 6.6 with 0.5 n NaHCOs. After addition 
of saturated (NH 4 ) 2 SC )4 to 35 per cent saturation, the suspension was centri¬ 
fuged, and the supernatant solution treated with more (NH^SCh solution 
until 55 per cent saturation was reached. The precipitate appearing at 
this point was separated and preserved in the lyophilized state. Before 
use, it was dissolved in 0.02 m phosphate buffer, pH 6.8, dialyzed against 
distilled water for 2 hours, and finally subjected to 15 minutes centrifugation 
at 5000 r.p.m. All these operations were carried out at 3°. 

Both enzymes were assayed manometrically: n-amino acid oxidase by 
0 2 uptake and wheat germ lipase by C0 2 evolution from a NaH( -O3-H2OO3 
buffer as a result of acid production. Details of the assay of this lipase 
have been described elsewhere (4). 

Wheat Germ Lipase —In order to test the effect of the nature of the sub¬ 
strate on the inhibition brought about by sulfhydryl reagents, two condi¬ 
tions should be met. First, the enzyme should possess a broad enough 
specificity to pennit the use of a series of substrates of varying structure 
and molecular dimensions. Second, the enzyme should satisfy all of the 
usual criteria applied in the detection of sulfhydryl enzymes. 

In the course of experiments on the kinetics of wheat germ lipase in this 
laboratory, the inhibition brought about by a variety of -SH reagents was 
found to depend on the substrate used for assay. Since the enzyme seemed 
to satisfy both of the criteria mentioned above, it was decided to study its 
behavior toward —SII reagents in greater detail, in preference to other 
better known enzymes. 

The enzyme acts on a wide variety of simple esters, mono- and trigly¬ 
cerides, and on the Tween compounds (water-soluble polyoxyalkylenc 
sorbitan esters of long chain fatty acids; Atlas Powder Company). Al¬ 
though the enzyme has been obtained only in partially purified state to date, 
three different lines of evidence indicate that the same enzyme is involved 
in the activation of all of these substrates. The experimental data on this 
point as well as on the necessity of intact —SH groups in the enzyme for 
full activity have been described elsewhere (4) and will only be briefly 
summarized here. 

With excess mono-n-butyrin or triacetin as substrate, the highly selective 

SH reagent, y>eliloromercuribenzoate, completely and instantaneously 
abolished the activity of the enzyme. As would be expected, the concen¬ 
tration of mercurial required for this depended on the stage of purity of the 
enzyme preparation and on the amount of protein present; 1 X 10~ 3 to 
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1 X 10~ 4 m concentration effected complete inhibition. The amount of 
inhibitor needed for complete inactivation was thus low enough to compare 
favorably with established —SH enzymes, such as succinoxidase. Tri- 
valent organic arsenicals, which have also been successfully used in testing 
for a large series of —SH enzymes (5, 6) produced instantaneous and com¬ 
plete inhibition at similar concentrations. The arsenicals and the mer¬ 
curial inhibited the purified ehzyme to the extent of 25 per cent or more 
even at 1 X 10~ 5 m concentration. The inhibition brought about by these 
mercaptide-forming agents was significantly reversed by addition of 10 
equivalents of glutathione 20 minutes after the inhibition. o-Iodosoben- 
zoate (1 X 10 -3 m) and ferricyanide (2 X 10~. 3 m) strongly inhibited the 
enzyme, the former of the two being more effective. The lipase proved 
considerably less sensitive to the action of iodoacetamide, which produced 
only 55 per cent inhibition at 5 X 10 -3 m concentration. The relative 
ineffectiveness of iodoacetamide as an —SH inhibitor has often been 
pointed out in the literature; established —SH enzymes, such as malic 
dehydrogenase, muscle adenosinetriphosphatase, and rat and pig kidney 
D-amino acid oxidase, are inert toward this reagent. 

On the basis of this evidence it seems justified to conclude that wheat 
germ lipase requires intact thiol groups for full enzymatic activity. In this 
respect it may be contrasted with pancreatic lipase, in which the evidence 
for active sulfhydryl groups is rather weak, and the simple esterases of 
serum and liver, which do not require —SH groups for activity at all (6). 

Effect of Substrates on Inhibition by —SH Reagents —While a sufficiently 
high concentration of p-chloromercuribenzoate (3 X 10 -4 m) inhibited the 
enzyme completely, for purposes of comparison an amount of the inhibitor 
was chosen which would produce only partial inhibition on all the substrates 
tested. Thus the concentration of the mercurial in the experiment de¬ 
scribed in Table I was 1 X 10~ J m. Under these conditions the extent of 
inhibition seemed to vary with the molecular size of the substrate. The 
longer the fatty acid residue or the alcohol, the more extensive was the inhi¬ 
bition. Similarly, the more esterified alcoholic hydroxyl groups in the fat 
molecule, the greater was the observed inhibition. Thus, for example, with 
tributyrin the inhibition was greatest, with tripropionin less, and with tri- 
acetin, the shortest chain fatty acid, it was least. With monobutyrin as 
substrate the inhibition was more extensive than with monopropionin, but 
less than with tributyrin. In the simple ester series this rule held equally 
well. From ethyl acetate to butyl acetate the inhibition increased pro¬ 
gressively, while in another series, with methyl acetate as substrate the 
inhibition was even smaller than with ethyl acetate. With ethylene glycol 
diacetate, which has a 2-carbon alcohol and 2-carbon fatty add groups, the 
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inhibition by the mercurial was the same as with ethyl acetate. The most 
extensive inhibition occurred with Tween 20, a water-soluble lauric acid 
ester having the greatest molecular dimensions in this series. 

It will be noted that the concentrations of substrate varied rather widely 
in this experiment, the reason for this being the differences in the Michaelis 
constants of this lipase with respect to these substrates (4). In each case 


Table I 

Effect of Substrate Sue on Inhibition of Lipase Activity by p-Chloromercuribenzoate 


Enzyme 

prepara¬ 

tion 

Substrate 

Activity, c.mm. CO* 

Inhibition 

Control 

With inhibitor 


Tributyrin,* 0.02 m 

51.8 

10.0 

per cent 

81 


Tripropionin,* 0.04 m 

122.0 

38.6 

68 


Triacetin*, 0.25 m 

335.9 

144.4 

57 


Monobutyrin, 0.112 m 

58.9 

18.4 

69 


Monopropionin, 0.25 m 

81.6 

60.7 

26 


Ethyl acetate, 0.45 m 

73.5 

61.5 

16 


n-Propyl acetate, 0.20 m 

81.8 

53.0 

35 


i n-Butyl acetate, 0.10 m 

73.6 

31.2 

58 

B 

Methyl acetate, 0.50 M 

93.3 

67.5 

28 


| Ethyl “ 0.45 14 

62.6 

33.9 

46 


Glycol diacetato, 0.30 m 

178.0 

95.0 

47 


Triacetin, 0.25 m j 

313.0 

104.2 

67 


Tween 20, 5% 

50.3 

8.3 

84 


Manometrio measurements of acid production in bicarbonate buffer. Each War¬ 
burg vessel contained 0.6 ml. of purified wheat germ lipase containing 10 mg. of pro¬ 
tein in Preparation A and 8.7 mg. of protein in Preparation B; p-chloromercuriben- 
zoate, 0.0001 m; NaHCOa, 0.025 m; pH 7.4; total volume, 3 ml.; gas phase, 95 per cent 
N 2 -5 per cent C0 2 . Duration of experiments, 30 minutes; temperature, 38°. All 
blanks subtracted. The inhibitor was added to the enzyme 15 minutes prior to the 
substrate. 

* Contained 0.2 per cent gelatin; this amount of gelatin did not influence the 
inhibition. 


the concentration of substrate was so chosen as just to saturate the enzyme 
and thereby give optimal activity. This was to assure that the enzyme 
was the limiting factor in all the experiments. 

Under Preparations A and B of Table I the inhibition with any given sub¬ 
strate differed somewhat because of differences in enzyme concentration. 
Since the inhibition did not increase linearly with a decrease in enzyme 
concentration, a small change in the latter brought about a greater change 
in the per cent inhibition. 

The same type of systematic variation of the inhibition was observed 
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when p-aminophenylarsine oxide, another highly specific —SH inhibitor, 
was used as the enzyme poison, as seen in Table II. The experimental 
conditions were the same as in the previous experiment with the mercurial, 
except that the lipase used in this experiment was a more highly purified 
preparation. It is apparent that again a gradually increasing inhibition 
was obtained with increasing molecular dimensions of the substrate in the 
simple ester series and in the mono- and triglyceride series. Inspection of 

Table II 

Effect of Substrate Size and Concentration on Inhibition of Lipase by 
p-Aminophenylarsine Oxide X 10~* m) 


~rr 


Substrate 

Activity, c.mra. 

COt per 30 min. 

Inhibition 

Control 

With As 

Methyl acetate, 0.5 m 

241.4 

224.8 

per cent 

7 

Ethyl “ 0.5 “ 

161.0 

136.1 

15 

Propyl “ 0.1 “ 

118.7 

88.3 

26 

Butyl “ 0.1 “ 

156.4 

97.6 

38 

Monopropionin, 0.25 m 

151.6 

116.2 

23 

“ 0.5 “ 

175.2 

130.6 

25 

Monobutyrin, 0.11 m 

126.2 

74.2 

41 

“ 0.25 “ 

152.9 

86.6 j 

43 

Triacetin, 0.25 m 

656.3 

568.7 1 

14 

Tripropionin, 0.02 m 

194.7 

120.9 

38 

Tributyrin, 0.02 m I 

78.0 

29.8 1 

1 

62 

Glycol diacetate, 0.25 At 

483.1 

425.1 | 

12 

0.5 “ 

499.0 

428.8 | 

14 


Experimental conditions as in Table I, except that 5.7 mg. of a more highly puri¬ 
fied enzyme preparation were used in each experiment. 

Table II also reveals that the reason for the different inhibitions cannot 
be in the differences in substrate concentration, for the concentration of 
substrate did not affect the extent of inhibition as seen in the case of mono- 
propionin, monobutyrin, and glycol diacetate. Also with methyl acetate, 
ethyl acetate, and monopropionin, all present at the same concentration, 
quite different inhibitions were observed. Again, with 0.25 m glycol diace¬ 
tate, monopropionin, and monobutyrin, the inhibitions differed widely. 

Althpugh displacement of the inhibitor by the substrate at higher con¬ 
centrations of substrate was quite unlikely as an explanation for the varied 
inhibitions observed, a direct test of this point was made in the experiment 
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reported in Table III. In this experiment o-iodosobenzoate, a mild oxi¬ 
dizing agent, was used as an inhibitor in place of the mercaptide-forming 
inhibitors in which dissociation of the enzyme-inhibitor complex is appre¬ 
ciable. With this compound, however, oxidation of the —SH groups to 
disulfide linkage occurs (7), which bond could be broken only by powerful 
reducing agents. As is seen in Table III, when o-iodosobenzoate was the 
inhibitor the same systematic correlation was found between the nature of 
the substrate and the extent of the inhibition as when the mercaptide- 
forming reagents were used. Since none of the substrates used is capable 
of reducing an —SS — linkage to the thiol stage, these experiments show 
that displacement of the substrate cannot account for the results under dis¬ 
cussion. 


Table III 


Inhibition of Wheat Germ Lipaxe by / X tO m o~I odosobenzoate 


Substrate 


Activity, c.mm. CO* per 30 min. 


Control 


With inhibitor 


Inhibition 


Triacetin, 0.25 m 
Tripropionin, 0.02 m 
T ributyrin, 0.02 m 
Monobutyrin, 0.11 m 


532 ! 266 

335 108 

143 30.4 


85.9 


22.0 


Per cent 

50 

67 

89 

74 


Experimental conditions as in Table I. 30 minutes incubation with inhibitor 
before addition of substrate. 


Similar results were obtained when other —SH inhibitors (ferricyanide, 
various organic arsenoxides) were used. 

d -Amino Acid Oxidase —The broad specificity of this enzyme is well 
known. The essential nature of its —SH groups for full activity has been 
adequately established, at least for preparations from rat and sheep kidneys 
(6, 8). The experiments here reported were performed with the enzyme 
isolated from pig kidneys, but an acetone powder of rat kidney gave en¬ 
tirely similar results. 

Low concentrations of all mercaptide-forming—SH reagents tested inhib¬ 
ited the enzyme completely and instantaneously. 10 equivalents of gluta¬ 
thione produced complete reversal of the inhibition. A concentration of 
inhibitor was again selected which would produce partial inhibition only, 
thus permitting accurate comparison of various substrates. In the experi¬ 
ments recorded in Table IV, 2.2 X 10“ 6 m p-aminophenylarsine oxide was 
used for this purpose. The extent of inhibition was again independent of 
the concentration of the substrate, even when the latter was varied 4- to 
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7-fold, provided that the enzyme was nearly saturated with respect to sub¬ 
strate (Table IV, first and last sections). This again rules out displace¬ 
ment of the inhibitor by the substrate as an explanation of the findings on 
lipase. 

With D-amino acid oxidase the inhibition was also independent of the 
nature of the substrate, that is, of the molecular dimensions of the amino 


Table IV 

Effect of Substrate Size and Concentration on Inhibition of D-Amino Acid Oxidase by 
2.2 X 10~ 6 m p-Aminophenylarsine Oxide 


Enzyme 

! 

Substrate* 

* Activity, c.mm. Os 
uptake per. SO min. 

Inhibition 



Control 

With As 


mg- 




Per cent 

11.3 

0.03 m i>L-alanine 

147.4 

52.8 

64 

11.3 

0.05 “ 

164.4 

66.0 

60 

11.3 

0.1 “ 

184.0 

78.6 

57 

11.3 

0.2 “ “ j 

199.1 

82.8 

50 

10.2 

0.05 m j>L-alanine 

184.2 

83.8 

55 

10.2 

0.05 “ DL-tt-aminobutyric acid 

66.1 

28.0 

57 

10.2 

0.05 “ DL-mcthionine 

210.0 

99.1 

53 

10.2 

0.05 “ DL-phenylalanim* 

115.1 

56.8 

51 

10.2 

0.05 “ DL-isoleuciue 

162.7 

71.3 

56 

10.2 

0.05 “ DL-norvaline 

49.6 

20.1 j 

57 

0.7 

0.05 m DL-alanine 

164.5 

58.7 I 

64 

0.7 

0.20 “ 

183.9 

68.3 | 

63 

0.7 

1 0.05 “ i)L-valine 

116.0 

39.7 | 

66 

0.7 

0.10 “ 

1 133.5 

46.2 

65 

0.7 

0.094 m i>L-isoleucine 

170.9 

1 66.7 

61 

9.7 

0.10 m DL-methioninc 

240.0 

[ 101.9 

58 


Manometric measurements of O 2 uptake in 0.02 m pyrophosphate buffer, pH 8.3. 
Inhibitor added 20 minutes prior to substrate. Temperature, 38 p ; duration of ex* 
periments, 30 minutes; gas phase, air; total volume, 3.0 ml. The enzyme was a 
high speed centrifuged, lyophilized water extract of an acetone powder of pig 
kidney. 

acid used for activity determination. The same inhibition was produced by 
the arsenical on alanine, a-aminobutyric acid, norvaline, valine, isoleucine, 
methionine, and phenylalanine, although this series represents a consider¬ 
able variation in molecular dimensions. 

Table V shows that the oxidizing agent o-iodosobenzoate inhibits the 
enzyme to the same extent whether alanine, methionine, or phenylalanine 
is used as substrate, in agreement with the results obtained with the arseni¬ 
cal. 
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When the enzyme was tested on five amino acids with 4.4 X 10“* u p- 
chloromercuribenzoate as the inhibitor, again essentially the same inhibi¬ 
tion was observed in all cases. This is shown in the first part of Table VI. 
It will be noted that all the amino acids were present at 0.05 m concentra- 

Table V 

Inhibition of u.l rnino Acid Oxidase by 1.8S X Iff - ® m o-lodosobenzoate .4* Assayed 

on Various Substrates 


Substrate 

Activity, c.nun. Os uptake 

Inhibition 

Control 

| With inhibitor 



1 

per cent 

DL-Alanine, 0.05 m 

167.1 

! 36.S ! 

78 

on-Methionine, 0.05 m ! 

223.5 

i 54.5 

76 

DL-Phenylalanino, 0.05 m j 

111.4 

I 22 - 4 . ! 

! 79 


Experimental conditions as in Table IV. Amount of enzyme, 9.7 mg. per vessel. 


Table VI 

Inhibition of o-Amino Acid Oxidase by p-Chloromercuribenzoate U-4 X tO~ 6 u) As 
Tested on Various Substrates 


Enzyme 


Substrate 

i Activity, c.mm. Oj 
uptake 

i 

Inhibition 


Control 

With 

inhibitor 

mg, 

11.3 

0.05 

m DL-alanine 

163.7 

55.2 I 

per cent 

66 

11.3 

0.05 

“ dl- valine 

115.6 

37.0 

68 

11.3 

0.05 

“ DL-methionine 

210.9 

87.7 

58 

11.3 

0.05 

“ DL-phenylalanine 

114.7 

45.4 

61 

11.3 

0.05 

41 DL-isoleucine 

161.5 

76.9 

53 

10.0 

0.05 

m DL-methionine 

156.7 

17.0 

89 

10.0 

0.116 

u u 

179.5 

37.5 

79 

11.3 

0.05 

m DL-alanine 

164.5 

54.1 

67 

11.3 

0.2 

tt 

183.9 

92.4 

50 

11.3 

0.05 

“ “ 4* 0.15 M /3-alanine 

164.5 

65.5 

60 

11.3 

0.05 

u “ + 0.15 “ glycine 

147.5 

58.6 

60 


Experimental conditions as in Table IV. 


tion. With isoleucine the inhibition was slightly less in this particular ex¬ 
periment, but this probably represents an experimental error. 

The experiments reported in the second and third sections of Table VI 
were designed to demonstrate further that inhibition is independent of sub- 
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strate concentration. When the concentration of methionine was more 
than doubled or the amount of a-alanine increased 4-fold, the inhibition de¬ 
creased only 10 to 20 per cent. It will be remembered that with the arsen- 
icals as inhibitors even this small effect did not occur. The apparent 
explanation of this slight discrepancy is that the mercurial, unlike the arsen- 
oxide, is capable of combining with the carboxyl groups of amino acids 
when the latter are present in very large concentration. However, the 
affinity of p-chloromercuribenzoate for the —SH groups of D-amino acid 
oxidase is many thousand times greater than for the —COOH group of the 
amino acid. 

In order to show that the small but consistent decrease in the inhibition 
brought about by delayed addition of excess amino acids could be ascribed 
to a non-specific combination with the —COOH group rather than dissocia¬ 
tion of the mercaptide by a specific substrate, the following experiment was 
performed. Two carboxylic acids were selected with the same pK value 
as a-alanine which, however, are not attacked by the enzyme. Glycine and 
0-alanine were used for this purpose. In the last section of Table VI it is 
seen that when these amino acids were used to provide the high —COOH 
concentration essentially the same type of small decrease in inhibition was 
observed as with excess a-alanine. 

Thus it seems justified to conclude that the inhibition of D-amino acid 
oxidase by both arsenicals and mercurials is independent of the concentra¬ 
tion of substrate and that displacement of the inhibitor by the specific sub¬ 
strate does not occur to a significant extent. 

DISCUSSION 

An interpretation of the experimental observations on the inhibition of 
wheat germ lipase reported in this paper will now be attempted. It is 
clear that the different inhibitions found when esters of varying structure 
were used as substrates are valid only if the enzyme was the limiting factor 
in all instances. Considerable effort was made to test this point. Vary¬ 
ing the substrate concentration, as noted above, or the pH of the assay, in 
no way affected the differential inhibition observed. All evidence pointed 
to the fact that the enzyme protein was actually the limiting factor in all 
these experiments. 

The possibility of some reversal of the inhibition by substrates has al¬ 
ready been referred to in the experimental part. This point was especially 
carefully tested in view of the known fact that with enzymes like succin- 
oxidase the substrate may protect the enzyme from various —SH inhibitors. 
That displacement of the inhibitor by the substrate occurred to no measur¬ 
able extent is evident from Table II and this is, of course, eliminated by 
experiments with oxidizing agents, such as are reported in Table III. 
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Furthermore, it should be pointed out that the dissociation constants of the 
lipase for most of these substrates have been experimentally determined 
(4) and no positive correlation was found with the extent of inhibition pro¬ 
duced by any —SH reagent when these esters were used as substrates. As 
a matter of fact, in most instances, there was a negative correlation. The 
smaller the dissociation constant of the enzyme for the substrate, the more 
tightly it binds that substrate, and hence the more easily the latter should 
relieve an inhibition if displacement does occur. Actually, the substrates 
with the smallest dissociation constant (tributyrin, tripropionin) were the 
very ones which allowed the greatest inhibition by —SH reagents. 

The data on D-amino acid oxidase are compatible with the idea that the 
—SH groups of that enzyme may be directly involved in the activation of 
its substrates. On the other hand, the demonstration that the effect of any 
—SH reagent on wheat germ lipase depends on the particular substrate used 
for assay, and further that complete inhibition toward one substrate can be 
demonstrated with little effect toward other substrates at the same con¬ 
centration of inhibitor indicates that the —SH groups of this lipase are not 
directly involved in its activity. 

The apparent correlation found between the molecular dimensions of the 
substrate and the inhibition of the lipase suggests further possibilities. It 
seems entirely possible that not only one or two functional groups located at 
the active center but that also the configuration and arrangement of the 
amino acids at some distance from the active center might determine the 
catalytic activity of enzymes. *Thus if the —SH groups of wheat germ 
lipase were located in the vicinity of, or at some distance from, the active 
center, without being directly involved in the activation of the substrate, it 
is conceivable that formation of complexes or oxidation of these —SH 
groups, as in the foregoing experiments, might stericatty interfere more with 
the approach of the larger substrate molecules to the active surface than 
with that of smaller ones. This might then account for the influence of the 
molecular dimensions of the substrate on the inhibition observed. 

It would be interesting to extend these findings to other —SH enzymes. 
There are, unfortunately, few enzymes known that would satisfy both of the 
criteria listed in the experimental part. Possibly crystalline papain, an 
established —SH enzyme, might be used for this purpose, provided that an 
adequate number of synthetic substrates are available. It would also seem 
desirable to examine “essential” amino or phenolic groups with the same 
view in mind. 

A further corollary of these findings seems to be that it is no longer quite 
safe to conclude that two or more enzymes with similar functions are present 
in a preparation on the basis of different inhibitions obtained with two or 
more substrates for assay. 
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SUMMARY 

1. The extent of inhibition of wheat germ lipase by sulfhydryl reagents 
(arsenicals, p-chloromereuribenzoate, oxidizing agents) varies with the par¬ 
ticular substrate used for assay. 

2. The variation seems to be well correlated with the molecular dimen¬ 
sions of the substrate. The larger the substrate molecule, the greater the 
inhibition produced by any —SH reagent. 

3. Reversal of the inhibition by higher substrate concentrations has been 
eliminated as a possible explanation of these observations. 

4. The data have been interpreted as suggesting a possible steric inter¬ 
ference with the approach of substrates to the active surface of the lipase 
by —SH reagents. 

5. The inhibition of D-amino acid oxidase by —SH reagents is inde¬ 
pendent of the nature of the substrate used for assay, in agreement with the 
idea that the —SH groups of this enzyme might be directly involved in the 
activation of substrates. 
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THE IMMUNOCHEMISTRY OF TOXINS AND TOXOIDS 


V. THE SOLUBILITY OF STAPHYLOCOCCAL TOXIN IN METHANOL- 
WATER MIXTURES UNDER CONTROLLED CONDITIONS OF 
PH, IONIC STRENGTH, AND TEMPERATURE* 

By RUTH G. WITTLER and LOUIS PILLEMER 
{From the Institute of Pathology , Western Reserve University , Cleveland) 

(Received for publication, January, 17, 1948) 

The success encountered in the^purification of tetanal toxin (1) and toxoid 
(2, 3), of diphtherial toxoid (4), and of soluble pertussal antigens (5) war¬ 
ranted attempts to purify other toxins and toxoids by the multiphase sys¬ 
tem of protein fractionation. The system employs the precise adjustment 
of methanol concentration, pH, ionic strength, and protein concentration 
under rigidly controlled conditions of temperature in order to separate or 
isolate proteins. 

Previous attempts to purify and concentrate staphylococcal toxin have 
met with varying degrees of success. Holt (6) employed ammonium sulfate 
to concentrate staphylococcal toxin. Burnet and Freeman (7) precipitated 
the toxin with acetic acid, while Boivin and Izard (8) used trichloroacetic 
acid. It is the object of the present communication to report studies on 
the solubility of staphylococcal toxin in methanol-water mixtures. Sub¬ 
sequent publications will deal with the actual isolation and characterization 
of the toxin. 

Materials 

Staphylococcus aureus , strain Wood No. 46, was grown in a liquid medium 
containing inorganic salts of sodium, potassium, calcium, and magnesium, 
ammonium lactate, and proteose-peptone. Cultures were incubated for 
24 to 48 hours, during which time they were aerated with a gas mixture of 
20 per cent carbon dioxide and 80 per cent oxygen. The cell-free filtrates 
of the cultures contained the a-toxin. 1 

White, Swiss, female mice 2 weighing about 20 gm. each were used for 
determination of minimal lethal dose of the toxin. 

All reagents were either c.p. or the best grade obtainable. Dilutions of 
toxin for m.l.d. determinations were made in 1 per cent Witte’s peptone in 
saline. 

* Aided by a grant from the Lederle Laboratories Division, American Cyanamid 
Company. 

1 We wish to express our gratitude to Dr. H. D. Piersma and Mr. J. N. Adam, Jr., 
of Lederle Laboratories for furnishing the staphylococcal toxin used in this work. 

* Obtained from Tumblebrook Farms, Brant Lake, New York. 
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Methods 

Immunological 

Flocculation Test —The procedure for the Lf test was essentially the same 
as that described by Pillemer {2). Antitoxin diluted to 100 units per ml. 
with m/15 phosphate buffer of pH 7.4 was added in increasing amounts to 
a series of serological test-tubes. Crude or purified toxin in 2.0 ml. amounts 
was then added to each tube and the volume brought to a total of 2.5 ml. 
with phosphate buffer. After the contents were thoroughly mixed, the 
tubes were placed in a water bath at 50°. The tube in which the first defi¬ 
nite flocculation occurred was the indicator tube, and the time (in minutes) 
required for flocculation was the Kf. In certain experiments, the number 
of units of antitoxin was kept constant, and the amount of toxin was varied. 
This made comparison of various Kf values possible. 

Minimal Lethal Dose —The method described by Pillemer (2) for the 
determination of m.l.d. was followed. Mice were injected intraperitoneally 
with 1.0 ml. of varying dilutions of toxin. Mice were observed for 96 hours 
following the injection; however, death usually occurred within 24 hours 
and rarely after 48 hours. The end-point chosen was that dilution which 
killed all of the mice injected within 96 hours. 

It will be noted in Tables I to V that flocculating capacity and lethal 
activity of the toxin are not directly related. The true relationship of these 
two tests cannot be determined until the toxin has been obtained in pure 
form. However, it should be pointed out that complete recovery of Lf 
units associated with a slight loss in m.l.d. units might indicate the presence 
of toxoid, which, if it were present, would retain the ability to flocculate 
but would, of course, not be detected in the m.l.d. test. Since it was diffi¬ 
cult to obtain reproducible results in the m.l.d. test and since the Lf test, 
in contrast, was highly reproducible, the latter was relied on in this work 
for estimating yield and purity. The m.l.d. test was used only to detect 
the presence of lethal activity after each purification procedure. The 
actual yield of m.l.d. units was not significant in determining the optimal 
conditions of fractionation so long as at least 50 per cent of the lethal activ¬ 
ity could be detected. The Lf value of the toxin as obtained by the floc¬ 
culation test compared favorably with the L+ value obtained by the lethal 
test and with the Lh value obtained by the hemolytic test. The neutral 
mixture of toxin and antitoxin as determined by the Lf test did not kill 
mice or hemolyze red cells. 


Chemical 

Determination of nitrogen was made in duplicate by the micro-Kjeldahl 
method of Pregl. Ionic strength was determined by calculation after the 
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addition of all reagents to the system. Hydrogen ion concentrations were 
determined on the glass electrode. 

EXPERIMENTAL 

Precipitation of staphylococcal toxin was studied under varying condi¬ 
tions of pH, methanol concentration, ionic strength, protein concentration, 

Table 1 


Precipitation of Staphylococcal Toxin Lot SOB 15 under Varying Conditions of pH, 
Methanol Concentration, Ionic Strength, and Protein Concentration at —5° 


Sample 

No. 

pH 

Metha- 

nol 

Ionic 

strength 

Protein 

N per ml. 


Kf 

M.l.d. 
per ml. 

LfP M 

mg. N 

Yield 

Li 

M.U. 



per cent 


per cent 

mi. 


min. 



percent 

percent 

4 

7.0 

40 

0.08 

1.0 

0.176 



0.5 



1 

12 

6.5 

25 

0.10 

1.3 

0.073 



0.5 



1 

3 

6.0 

40 

0.08 

1.0 

0.234 







• 2 

5.0 

40 

0.08 

1.0 

0.269 

12 

110 

5.0 

45 

73 

10 

8 

4.6 

40 

0.08 

1.0 

0.310 

14 

50 

50.0 

45 

82 

100 

7 

4.3 

40 

0.08 

1.0 

0.277 

16 

45 

50.0 

58 

94 

100 

11 

4.3 

25 

0.10 

1.3 

0.135 

17 

28 

25.0 

126 

100 

50 

1 

4.0 

40 

0.08 

1.0 

0.203 

16 

*5 

25.0 

79 

98 

50 

« 

4.0 

40 

0.08 

1.0 

0.221 

15 

45 

50.0 

68 

88 

100 

10 

4.0 

! 25 | 

0.10 

! 1.3 I 

0.109 

17 

28 

25.0 

156 

100 

50 

16 

4.0 

i 20 

0.11 

| 1.3 

0.081 

17 

28 

50.0 

210 

100 

100 

17 

4.0 

15 

0.11 

1.4 

0.060 

17 i 

24 

38.0 

284 

100 

75 

18 

4.0 

15 

0.17 

1.4 

0.044 | 

I 15 J 

25 

50.0 

341 

88 

100 

23 

4.0 

15 

! o.n 

1.4 

0.038 

13 

20 

50.0 

342 

84 

100 

9 

4.0 

10 

0.12 

1.5 

0.049 

14 

28 

12.5 

286 

82 

25 

5 

3.7 

40 

i 0.11 

1.0 

0.206 

15 

50 

50.0 

73 

88 

100 

13 

3.0 

7 

0.19 

1.6 

0.047 

12 

180 

5.0 

255 

76 

10 

14 

2.0 

4 

0.23 

1.6 

j 0.040 



1.0 



2 

15 

1.5 

2 

0.30 

1.6 

0.038 


: 





Parent toxin, Lot 80B45 


3.033 

17 

40 

50 

6 




and temperature. Aliquots of parent staphylococcal toxin at pH 7.45 were 
cooled to 0°, and ice-cold acetic acid, in various concentrations and in con¬ 
stant volume, was added to give hydrogen ion concentrations between pH 
4.0 and 7.0. pH values from 1.5 to 3.7 were obtained by the addition of 
cold HC1. The samples were cooled in a bath at —5° to the freezing point 
of the mixtures. Calculated amounts of methanol previously chilled to 
—20° were slowly added with stirring. The mixtures were allowed to stand 
at —5° overnight, centrifuged 8 at —5°, and the precipitated material dis- 

1 An International PR-1 refrigerated centrifuge was used throughout these experi¬ 
ments. 
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solved at 0° to the original volume of the parent toxin in m/16 phosphate 
buffer of pH 7.4. Nitrogen, Lf, and m.l.d. determinations were carried out 
on the dissolved precipitates. Yields were calculated in terms of recovery 
of Lf or m.l.d. units from the parent toxin. 

Staphylococcal toxin was most satisfactorily precipitated at pH 4.0 in the 
presence of 15 per cent methanol at ionic strengths of 0.11 to 0.17 (Table 
I). Increasing the methanol concentration at this hydrogen ion concentra¬ 
tion resulted in precipitation of more extraneous nitrogenous constituents 
along with the toxin as indicated by the decrease in Lf per mg. of N. De¬ 
creasing the methanol concentration below 15 per cent resulted in incom¬ 
plete precipitation of toxin. Hydrogen ion concentrations as low as pH 
4.6 or as high as pH 3.7 in 40 per cent methanol also precipitated toxin in 
good yield, but the purity of these products was greatly decreased, and the 


Table IT 

Influence of Ionic Strength on Precipitation of Staphylococcal Toxin at pH 4.0, Methanol 
Concentration of 16 Per Cent , and Temperature of —5° 


Sample No. 

Ionic 

strength 

Protein 

N per ml. 

Lfperml. 

! Kf 

[ Lf per 
| mg. N 

1 

Yield of Lf 

; 


per cent 

m- 


min. 


per cent 

19 

0.06 

\ 0.8 

0.087 

; 17 i 

30 

195 

99 

20 

0.10 

1 1.2 

0.059 

16 

32 

271 

92 

21 

0.15 

! !*2 

0.062 

14 ; 

37 

226 

83 

22 

0.20 

1.2 

0.057 

- _i 4 J 

40 

246 

83 

Parent toxin, Lot 80B45.... 

3.033 

17 i 

40 

6 



Kf was increased. Hydrogen ion concentrations greater than pH 3.7 are 
injurious to the toxin, even at low methanol concentrations. Hydrogen 
ion concentrations less than pH 5.0 at methanol concentrations as great as 
40 per cent do not precipitate the toxin. Precipitation at pH 4.0 in 15 per 
cent methanol yields toxin that is 50 times more pure on a nitrogen basis 
than the parent toxin. 

The effect of an increase or decrease in ionic strength at pH 4.0 and 15 
per cent methanol on the solubility of the toxin is shown in Table II. A 
greater degree of purification with a good yield was obtained when the ionic 
strength was adjusted to approximately 0.1 than when higher or lower salt 
concentrations were employed. 

Staphylococcal toxin which was precipitated at pH 4.0, methanol con¬ 
centration of 15 per cent, ionic strength of 0.11, and temperature of —5° 
was dissolved in 0.15 m sodium acetate to one-twentieth of the volume of 
the parent toxin and designated Fraction P-I. Aliquots of Fraction P-I di- 
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luted with an equal part of ice-cold distilled water were placed at 0°, and 
various concentrations of acetic acid in constant volume were added to give 
pH values from 3.6 to 5.9. Before the addition of methanol, the samples 
were chilled to the freezing point of the mixtures in a —5° bath. These 
samples were allowed to stand at —5° overnight, while those samples which 
did not contain methanol were held at 0°. The precipitates were then re- 

Table III 

Precipitation of Fraction P-II from Fraction P-I* under Varying Conditione of pH, 
Methanol Concentration, Ionic Strength, Protein Concentration, 
qnd Temperature 


Sample 

No. 

pH 

Metha¬ 

nol 

a 

•if 

Protein 

Temper¬ 

ature 

N, 

insol¬ 

uble 

Lf, in¬ 
soluble 

Kf 

insol¬ 

uble 

Lf per 
mg. N 

Yield 





Lf 

M.lxL 



percent 


Per cent 

°C. 

mg. 


min. 



per 

cent 

tz 

, 12 

5.5 

40 

0.04 

0.13 

-5 

3.11 

1060 

13 

2650 

341 

83 

100 

6 

5.5 

0 

0.07 

0.22 

0 

1.53 







11 

5.0 

25 

0.05 

0.17 

-5 

3.41 

1113 

12 

2650 

326 

87 

10O 

5 

5.0 

0 

0.07 

0.22 

0 

2.27 

636 

21 

1060 

280 

50 

40 

4 i 

4.6 

0 

0.07 

0.22 

0 

2.46 

1166 

13 1 

2650 

474 

02 

100 

2 

4.4 

0 

0.07 

0.25 

0 

2.64 

1113 

15 

2650 

422 

75 

100 

10 

4.3 

20 

0.06 

0.18 

-5 

3.47 ! 

1325 

13 

2650 

382 

100 

100 

9 

4.3 

10 

0.07 

0.20 

-5 

3.20 j 

1272 

12 

2650 

397 

100 

100 

8 

4.3 

0 

0.07 

0.22 

0 

2.08 1 

1166 

13 

2650 

561 

92 

100 

3 

4.1 

0 ! 

0.07 

0.22 

0 

2.00 i 

954 

17 

2120 

476 

75 

80 

7 

4.0 

10 

0.07 

0.20 

—5 

2.62 

1166 

14 

2650 

446 

92 

100 

1 

4.0 

0 

0.07 

0.25 

0 

2.16 

1060 

15 

2650 

490 

71 1 

100 

17 

3.6 

0 

0.07 | 

0.22 

0 

1.30 

_] 





l 

i 



* AH samples, except Samples 1 and 2, were derived from Fraction P-I which con¬ 
tained 0.76 mg. of N per ml., 240 Lf per ml., 316 Lf per mg. of'N, 500 m.l.d. per ml., 
and had a Kf of 20 minutes. Samples 1 and 2 were derived from Fraction P-I which 
contained 0.87 mg. of N per ml., 280 Lf per ml., 322 Lf per mg. of.N, 500 m.l.d. per 
ml., and had a Kf of 20 minutes. 


moved by centrifugation at either —5° or 0°, depending on the methanol 
concentration. 

The precipitates were dissolved at 0° in m/ 15 phosphate buffer of pH 7.4 
to one-tenth the volume of the parent toxin. The dissolved precipitates 
(Fraction P-II) (Table III) and certain supernatant fluids (S-II) (Table 
IV) were tested for nitrogen content and Lf and m.l.d. values. Yields 
were calculated on the recovery from Fraction P-I. 

The conditions for attaining the greatest purity without appreciable loss 
of toxic or flocculating activity were pH 4.3, ionic strength of 0.07, protein 
concentration of 0.22 per cent, at 0° (Table III). In the absence of meth- 


28 


TOXINS AND TOXOIDS. V 


anol, hydrogen ion concentrations greater or less than pH 4.3 did not in¬ 
crease the yield of toxin and generally decreased the purity. When the pH 
was lowered to 4.0 or raised to 5.0, methanol was necessary for satisfactory 


Table IV 

Separation of Fraelitm 8-11 from Fraction P-1* at 0° in Absence of Methanol, under 
Varying Conditions of pH, Ionic Strength , and Protein Concentration 


Sample 

pH 

Ionic 

Protein 

N, 

soluble 

Lf, 

soluble 

Kf 

M.l.d., 

soluble 

Lf per 
mg. N 

Yield 

No. 

strength 

Lf 

M.l.d. 




per cent 

_ 

mg. 


min. 



per cent 

per cent 

20 

5.9 

0.04 

0.11 

3.33 

1165 

28 

2330 

350 

86 

83 

19 

! 5.6 

0.04 1 

0.11 

| 3.01 

1165 

28 j 

1165 

387 

86 

41 

18 

1 5.6 

t 0.02 j 

0.06 

1 4.12 

1419 

25 , 

2365 j 

344 

100 

81 

6 

5.5 

0.07 ! 

0.22 

1 2.77 

1100 

20 

2260 

397 

86 

85 

22 

5.4 

0.04 

0.11 j 

I 2.77 

979 

23 ! 

2330 ; 

353 | 

72 i 

83 

21 I 

5.1 

0.04 ; 

0.11 

2.21 ! 

583 

27 j 

1165 | 

264 i 

43 j 

41 


* Fraction P-I contained 0.76 mg. of N per ml., 240 Lf per ml., 316 Lf per mg. of 
N, 500 m.l.d. per ml., and had a Kf of 20 minutes. 


Table V 


Extraction of Fraction P-11* at Various Hydrogen Ion Concentrations with Phosphate 
or Acetate Buffers of 0.1$ Ionic Strength 


Sample No.f 

pH 

N ex- 
tracted 

Lf 

extracted 

Kf 

; M.i.d. 

! extracted 

Lf per 
mg. N 

Yield t 


_ 


_ 


1 

!-- -! 

___ 

Lf 

M.l.d. 

30 

j 6,5 

ms. 

2.74 

1400 

min. 

15 

I 

: 3.500 j 

511 1 

per cent 

75 

per cent 

100 

29 | 

6.0 

I 2.48 

1708 

! 15 

1 3500 

688 

92 

100 

28 

5.5 

| 1.85 

1400 

12 

1 3500 j 

756 

75 

100 

27 

5.0 

i 1.16 

1400 

i 10 

| 2800 

1207 

75 

! 80 

i 


* Fraction P-Il was separated from Fraction P-I at pH 4.3, ionic strength of 0.05, 
protein concentration of 0.26 per cent, at 0° in the absence of methanol. 

t Samples 30 and 29 were extracted with phosphate buffers and samples 2X and 27 
were extracted with acetate buffers at the pH indicated. 

t Yields were based on recovery from Fraction P-1 which contained 0.87 mg. of 
N per ml., 280 Lf per ml., 322 Lf per mg. of X, 500 m.l.d. per ml., and had a Kf of 20 
minutes. 

recovery of toxin, but this also resulted in precipitation of non-specific 
nitrogenous material. In fact, the addition of methanol at any pH resulted 
in the precipitation of impurities. All efforts to maintain the toxin in a 
soluble state while precipitating the non-toxic constituents of Fraction P-1 
were less satisfactory (Table IV) than the above procedures. Increasing 










R. G. WITTLER AND L. PILLEMER 


29 


the ionic strength at pH 4.3 resulted in increased solubility of toxin as well 
as of non-specific nitrogenous products. 

The precipitate obtained by fractionation of Fraction P-1 at pH 4,3, ionic 
strength of 0.07, protein concentration of 0.22 per cent, at 0° was desig¬ 
nated P-II. This material was extracted with buffers of various hydrogen 
ion concentrations and ionic strengths. The suspensions were stirred for 
5 minutes and allowed to stand for 10 minutes. The precipitates were then 
removed by centrifugation. Extraction and centrifugation procedures were 
carried out at 0°. The supernatant fluids were analyzed for toxin and 
nitrogen content. Yields were based on the recovery from Fraction P-I. 

It will be seen in Table V that extraction with acetate buffer of pH 5.0 
and ionic strength of 0.15 was superior to extraction with acetate buffers 
of pH 5.5 or phosphate buffers of pH 6.0 and 6.5 of ionic strength 0.15. 
Although a slight loss in yield resulted from extraction at pH 5.0, the purifi¬ 
cation obtained outweighed the loss. In other experiments it was found 
that buffers of ionic strengths greater or less than 0.15 were less effective 
extracting agents. 

The procedure reported above yields a toxin having over 1200 Lf per mg. 
of N and a purification factor 4 of 200. On the basis of the foregoing results, 
large quantities of toxin will be processed in order that sufficient quantities 
of this material may be available for the actual isolation of the toxin. 

SUMMARY 

The solubility of staphylococcal toxin in methanol-water mixtures of 
controlled pH, ionic strength, and temperature has been determined. 
Staphylococcal toxin is precipitated from the parent filtrate at pH 4.0, 
methanol concentration of 15 per cent, ionic strength of 0.11 db 0.01, and 
temperature of —5°. Ueprecipitation at pH 4.3 in the absence of methanol, 
at 0°, followed by extraction of the precipitate with acetate buffer of pH 
5.0 and ionic strength of 0.15, yields toxin which has over 1200 Lf per mg. 
of N and retains its lethal activity. 
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INHIBITION of hyaluronidase action by derivatives 

OF HESPERIDIN 

By J. M. BEILER and GUSTAV J. MARTIN 

(,From the Research Laboratories, The National Drug Company, Philadelphia) 

(Received for publication, January 19, 1948) 

In a previous communication (1) it was reported that certain vitamin P 
compounds exerted an inhibitory action on the breakdown of hyaluronic 
acid by testis hyaluronidase, as determined turbidimetrically. This action 
was manifested for the most part only when the compounds in question were 
combined with ascorbic acid, and only when their concentration was rela¬ 
tively high (0.1 mg. per cc.). Since the original object of the investigation 
was its application to the held of capillary fragility, it was considered to be 
of importance to attempt an activation of the hyaluronidase-inhibiting 
properties manifested by vitamin P compounds, without destroying their 
vitamin P specificity. 

Heparin has been found to cause a marked inhibition of hyaluronidase 
activity at very low concentrations (2). This action depends on the sulfate 
groups present in the molecule, for it has been shown that when heparin is 
desulfonated it no longer functions as an inhibitor of hyaluronidase (2). 
Heparin has no vitamin P specificity, but these findinp suggested that a 
potentiation of the action of vitamin P compounds in inhibiting the break¬ 
down of hyaluronic acid by hyaluronidase might be accomplished by the 
formation of suitable derivatives. 

Hesperidin was chosen as a representative vitamin P compound. The 
demonstrated importance of the sulfate groups in heparin suggested the 
synthesis of a sulfonated hesperidin. It has been shown that phosphate 
groups may potentiate the action of inhibitors on enzyme systems (3); 
accordingly a phosphorylated hesperidin was synthesized. Finally, hesper¬ 
idin was acetylated to form a representative organic derivative. 

The methods employed for the synthesis of these compounds are pre¬ 
sented in detail below. In each case the starting material was hesperidin 
which had been purified by treatment with formamide. 

EXPERIMENTAL 

Acetylated Hesperidin —35 gm. of hesperidin were suspended in 350 cc. of 
glacial acetic acid. A few cc. of concentrated HjSO< were added slowly 
with stirring. The mixture was placed on the steam bath and heated with 
occasional stirring for about 20 minutes. At the end of this time a dark 
red solution formed. This was allowed to cool to room temperature and 
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treated with 5 volumes of water. The precipitate which formed was filtered 
off after standing for several hours in the ice box and washed with water. 

A yield of 20 gm. of a dark yellow material was obtained. The substance 
was insoluble in water, and freely soluble in alcohol. It was purified by 
solution in 100 cc. of alcohol, and reprecipitation by the addition of 10 
volumes of water. A few cc. of acetic acid were added to aid in the forma¬ 
tion of a precipitate. The precipitate was filtered off and washed with 
water. Yield, 11 gm.; m.p., 120 °. 

Analysis showed the material to have an acetyl content of 13.2 per cent. 
The calculated acetyl content for the diacetate of hesperidin is 12.1 per 
cent; for the triacetate, 17.1 per cent. The material is thus a mixture, 
with the diacetate predominating. 

Snlfonaied Hesperidin (Na Salt)— To 40 gm. of hesperidin were added 
100 cc. of H 2 SO 4 slowly and with cooling. A dark red solution formed, 
which was poured slowly and with cooling into 500 cc. of alcohol. The 
solution was neutralized with saturated NaOH, and the precipitated Na 2 K 0 4 
was filtered off. The precipitate was washed on the filter with alcohol and 
the washings added to the filtrate. The combined solutions were made 
alkaline with NaOH and poured into £00 cc. of alcohol. The orange- 
colored precipitate which formed was filtered off, washed with alcohol, and 
dried. 

Purification was accomplished by solution in a minimum volume of water 
and reprecipitation with 5 volumes of alcohol. Yield, 27 gm. The melting 
point was indeterminate, the compound decomposing gradually over a wide 
temperature range. 

Analysis showed a sulfur content of 6.3 per cent. The calculated con¬ 
tent for the monosulfonated hesperidin Na is 4.4 per cent; for the disulfon- 
ated, 7.8 per cent. The material is thus a mixture of the mono- and disul¬ 
fonates. 

Phosphorylated Hesperidin —37 gm. of hesperidin were suspended in 400 
cc. of anhydrous pyridine. 100 cc. of POCI 3 were added slowly, with stir- 
ing. Heat was evolved, and a dark brown solution formed. This w T as al¬ 
lowed to cool to room temperature, and a bulky precipitate settled out. 
Water was added cautiously with cooling until there was no further reaction 
and the precipit ate was dissolved. The solution was filtered to remove any 
insoluble particles and then poured into 5 volumes of alcohol. The precip¬ 
itate which formed was filtered off and washed with alcohol. Purification 
was accomplished by solution in a minimum volume of water and repre¬ 
cipitation with 5 volumes of alcohol. Yield, 33 gm. The melting point 
was indeterminate, the compound decomposing gradually over a wide tem¬ 
perature range. 

Analysis showed a phosphorous content of 14.5 per cent. The calculated 
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content for the pentaphosphate is 15.7 per cent; for the tetraphosphate, 
13.7 per cent. The material is thus a mixture of the penta- and tetra- 
phosphates of hesperidin. 

Determinations of the effect of the various compounds on hyaluronidase 
activity were made turbidimetrically by the method previously reported ( 1 ). 
The hyaluronidase used was prepared from bull testes by the method of 
Kass and Seastone (4). Hyaluronic acid was prepared from bovine vitreous 
humor by the method of Seastone (5). 

In addition to the hesperidin derivatives, determinations were made on 
suramin (germanin, Bayer 205) and on salmine sulfate. Combinations of 
salmine sulfate and both sulfon&ted and phosphorylated hesperidin and 
ascorbic acid and acetylated and sulfonated hesperidin were tested. 


Table I 

Inhibitory Effect of Various Compounds on Hyaluronidase Action 


♦ 

Substance 

Inhibition 


1000 7 per cc. 

100 7 per cc. 

10 7 per cc. 

17 per cc. 


per cent 

per cent 

per cent 

percent 

Hesperidin. 

o 

0 



Acetylated hesperidin. 


20 



Sulfonated “ . 


85 

25 


Phosphorylated hesperidin. 


80 

65 

0 

Suramin. 


85 

75 

15 

Salmine sulfate. 

0 

0 




Remits 

The sulfonated and phosphorylated hesperidins proved to be extremely 
potent inhibitors of hyaluronidase. Suramin was found to be even more 
effective, while salmine sulfate was without activity. These results are pre¬ 
sented in Table I. Results previously obtained with hesperidin are in¬ 
cluded to provide a standard of comparison. 

Salmine sulfate, while without effect on hyaluronidase, was found com¬ 
pletely to neutralize the inhibition caused by both sulfonated and phos¬ 
phorylated hesperidin. As may be seen from Table I, sulfonated hesperidin 
at a concentration of 100 y per cc. caused an inhibition of 85 per cent, 
phosphorylated hesperidin one of 80 per cent. When either of these sub¬ 
stances was combined with salmine sulfate, however, at a concentration of 
100 7 per cc., no inhibition at all was found. 

It had previously been reported (1) that, with both at concentrations of 
100 7 per cc., hesperidin caused a potentiation of 100 per cent in the inhib¬ 
itory action of ascorbic acid on hyaluronidase. This was found to be the 
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case also with acetylated hesperidin. Because of the large inhibition caused 
by sulfonated and phosphorylated hesperidin at 100 y per cc., these could 
not be tested at this concentration in combination with ascorbic acid. Sul¬ 
fonated hesperidin was tested at 10 y per cc. with ascorbic acid. At this 
concentration no potentiation of the inhibitory effect of the ascorbic acid 
was found. 


DISCUSSION 

The results obtained show that the formation of derivatives of hesperidin 
can result in a great potentiation of its ability to inhibit the action of 
hyaluronidase on hyaluronic acid. Hesperidin was originally chosen for the 
investigation as a representative vitamin P compound, and it seems prob¬ 
able that the formation of similar derivatives of any member of the vitamin 
P group would result in the same potentiation. 

It is true that inhibition of hyaluronidase action has been demonstrated 
by many compounds which show no vitamin P activity in vivo . The 
action of such substances on hyaluronidase in vitro , however, differs in one 
respect from that of the vitamin P compounds: they cause no potentiation 
of the inhibitory effect on hyaluronidase of ascorbic acid. It can therefore 
be postulated (on the basis of necessarily incomplete studies) that the 
property of potentiating the action of ascorbic acid on hyaluronidase in 
vitro is a measure of vitamin P specificity. 

If, as has been suggested (6), hyaluronidase plays a role “in accentuating 
capillary fragility” the importance of an effective inhibitor of hyaluronidase 
in the clinical treatment of this condition is manifest. It would appear 
obvious, however, that such a substance must have a vitamin P specificity; 
heparin, for example, although an extremely effective hyaluronidase inhi¬ 
bitor, would be useless in this connection because of the other physiological 
effects which it is known to produce. 

The importance of the derivatives of hesperidin which have been synthe¬ 
sized and tested, then, lies in the fact that they exert a very much more 
powerful inhibitory effect on hyaluronidase than do the vitamin P com¬ 
pounds themselves, while retaining their vitamin P specificity, as evidenced 
in the case of the acetylated hesperidin. A more specific evaluation of the 
utility of these compounds must of course await testing in vivo. 

SUMMARY 

Three derivatives of hesperidin have been synthesized. These include 
acetylated hesperidin, sulfonated hesperidin, and phosphorylated hesperi¬ 
din. 

All three have been shown to exert a greater inhibitory effect on hyaluron¬ 
idase action than does hesperidin itself. In the case of the acetylated hes- 
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peridin, the same potentiation of the action of ascorbic acid as was evidenced 
by hesperidin has been demonstrated. 

The inhibitory effect of the phosphorylated hesperidin and the sulfonated 
hesperidin has been shown to be neutralized by salmine sulfate. 

Suramin has been shown to be an effective inhibitor of hyaluronidase 
action. 
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THE ASSAY AND DISTRIBUTION OF COENZYME A* 

By NATHAN 0. KAPLAN and FRITZ LIPMANN 

(From the Biochemical Research Laboratory , Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School , Boston) 

(Received for publication, January 29, 1948) 

This is the first paper in a series dealing with partial identification of 
coenzyme A, a pantothenic acid derivative (1), and with the enzymatic 
reactions in which this coenzyme is involved. These studies originated 
with the observation that pigeon liver extract on autolysis lost the ability 
to acetylate sulfanilamide (2). Such ability, however, was regained fully 
on addition of boiled extract of liver and of other organs. This observation 
characterized the enzymatic acetylation of aromatic amines, with adenosine 
triphosphate as a condensing agent, as being due to an apoenzyme-coen- 
zyme system. The ease with which coenzyme was destroyed by autolysis 
suggested a convenient method of preparation of the apoenzyme which 
proved valuable for coenzyme evaluation. In the present paper, the assay 
procedure will be described. The results of assays for coenzyme A in 
various materials show a ubiquitous distribution of coenzyme A in living 
cells. 


Preparation of Pigeon Liver Extract 

It has been mentioned in a previous publication (2) that the most suitable 
extracts were obtained from acetone powder. An important advantage of 
the acetone powder extract over fresh extract is a low content in adenosine- 
triphosphatase of the former. For preparation of the acetone liver powder, 
pigeons are killed by decapitation and bled as completely as possible. The 
livers are quickly removed and chilled until used. The livers are weighed 
and a volume of chilled acetone, 20 times the weight in gm. of the livers, 
is placed in a chilled Waring mixer. The livers are now minced, transferred 
to the mixer, and homogenized with the acetone for 2 minutes. The homo¬ 
genate is rapidly filtered on a Buchner funnel and the residue is washed on 
the funnel with acetone and ether, with care not to pack too tightly. The 
ether should be checked for peroxide, the presence of which destroys the 
enzyme preparation. The homogenization is carried out in the cold room. 
When well chilled acetone and ether were used, it was not found necessary 
to carry out the filtration under refrigeration. The powder is eventually 
dried in a vacuum desiccator over phosphorus pentoxide. Connective 

* Supported by a grant from the Commonwealth Fund. 
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tissue is removed by passing the powder through a sieve. From 15 to 20 
gm. of pinkish powder are obtained from 100 gm. of fresh liver, corres¬ 
ponding to ten to twelve pigeons. 

We have observed that the pink color is a helpful index for the activity 
of the preparation. The presence of undenatured hemoglobin gives this 
reddish tinge. If, however, most of the hemoglobin is denatured, a brown¬ 
ish acetone powder results which invariably has poor activity. We find 
that at least 15, and even better 20, volumes of acetone are necessary to 
give satisfactory preparations, and that the purity of the ether must also 
be controlled with great care. 

Preparation and Aging of Extracts 

The extract is prepared by carefully rubbing up 10 gm. of liver powder 
with 100 ml. of 0.02 m sodium bicarbonate solution. The insoluble residue 
is removed by centrifugation. Between GO and 75 ml. of dark reddish, 
slightly opalescent fluid are obtained. This has now to be kept frozen over¬ 
night in a deep freeze chamber. For inactivation, the material is thawed, 
brought to room temperature, and allowed to stand for 4 hours. This 
produces 95 to 100 per cent inactivation. After aging, the extract is recen¬ 
trifuged, and the insoluble material discarded. The aged extract can be 
kept indefinitely by deep freezing. 

It is important to freeze the extracts before aging, as freezing precipitates 
a large amount of adenosinetriphosphatase. Recentrifugation should be 
carried out after aging or else the preparation loses much of its activity. 
For example, a pigeon liver extract, which was centrifuged first and then 
aged, acetylated 1G.0 y of sulfanilamide, while a comparable extract, when 
first aged and then centrifuged, acetylated 44.2 y of sulfanilamide per ml. 
The aged recentrifuged extract should be a reddish, water-clear solution. 

The rate of breakdown of coenzyme A in the extract is shown in Table I. 
In the earlier experiments, inactivation was carried out by allowing the 
extract to stand overnight at 5-8° (2). Table I shows that a more complete 
inactivation is obtained by autolysis for 4 hours at room temperature. The 
enzyme mainly responsible for the inactivation is unstable and its activity 
decreases during incubation at room temperature to a small fraction of the 
original. This circumstance is of advantage for the use of the extract in 
the assay of coenzyme A. 


Assay Procedure 

If aged extract is supplied with sulfanilamide, acetate, and adenosine 
triphosphate and cysteine and citrate are added as stabilizers, the rate of 
acetylation becomes exclusively a function of the concentration of coenzyme 
A. Cysteine reactivates and stabilizes the acetylation enzyme. In our 
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experience, citrate exerts its influence largely, if not exclusively, by sup¬ 
pressing residual adenosinetriphosphatase activity through the deionization 
of calcium; in further purified preparations, the stimulatory effect of citrate 
disappears together with adenosinetriphosphatase activity. 

For the routine assay of coenzyme A, it is convenient to combine most 
of the reagents into the following reaction mixture: 10 ml. of 0.004 m sulfa¬ 
nilamide, 2.5 ml. of m sodium acetate, 8.0 ml. of approximately 0.05 u potas¬ 
sium adenosine triphosphate, 10 ml. of 0.2 m sodium citrate. 

The pH of the mixture should be around 7. Larger samples are divided 
into small portions of 4 to 5 ml., which are kept frozen until used. Tubes 
of 1 to 1.3 cm. in diameteE are used for the assay. It is advisable not to 
increase unduly the proportion of surface to volume in order to reduce the 

Table I 

Breakdown of Coenzyme in Liver Extract 


Incubation time 

Per cent decomposition 

25* 

4* 

hrs. 



1 

55 


2 

78 

24 

3 

95 


4 

100 

41 

8 


76 

16 


80 

24 


85 


oxidation of cysteine during the experiment. Under the conditions de¬ 
scribed above, no difference was found when air was replaced by nitrogen. 

To each tube there are added (1) the solution to be tested for coenzyme 
activity (this volume should not exceed 0.3 ml.), (2) 0.3 ml. of the assay 
reaction mixture, (3) 0.08 ml. of a freshly prepared m sodium bicarbonate 
solution, (4) 0.1 ml. of 0.1 m cysteine hydrochloride, (5) 0.25 ml. of the aged 
enzyme, (6) water to volume. A blank is prepared by adding all the con¬ 
stituents except coenzyme. The tubes are stoppered, mixed, and incubated 
for 2 hours in a water bath of 37°. The reaction is halted by adding 4 ml. 
of 5 per cent trichloroacetic acid. After centrifugation, aliquots of 1 ml. 
are taken for sulfanilamide determinations, carried out by the procedure 
pf Bratton and Marshall (3). Readings were made on a Klett photoelectric 
colorimeter, with Filter 54.' The difference in sulfanilamide between the 
blank and the tubes containing coenzyme represents the amount of sulfa¬ 
nilamide acetylated. 
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Concentration-A ctivity Curve and Coenzyme A Unit 

In Fig. 1 there is presented the response of aged enzyme to increased 
amounts of coenzyme A. With the same enzyme preparation data are com¬ 
pared for crude, boiled liver extract and for highly purified coenzyme. 
The concentration-activity curves for these two preparations of coenzyme 
overlap almost exactly, which shows an independence of relative activity 
of the degree of purity. At medium concentrations, the curve is nearly a 
straight line, and it appeared logical to choose the point of half reaction as 
the unit. Such an amount , therefore , as will activate our system to half the 
maximum activity is defined as / unit of coenzyme A . The unit is largely 
independent of the individual enzyme preparation, even if the absolute 
amounts of acetylated sulfanilamide may vary. The coenzyme A unit 
contains 0.7 y of bound pantothenic acid and is independent of the purity of 
the preparation (1). 

It may be observed that, after reaching near saturation, the curve still 
tends to climb very slowly. Such small increases are disregarded in our 
definition of the unit of coenzyme A, a practical saturation point being fixed 
at 3 to 4 units. 

At coenzyme A saturation, a good enzyme preparation will acetylate 75 
to 85 per cent of the added sulfanilamide. Best readings are therefore 
obtained in the region of the curve where approximately 40 per cent of the 
sulfanilamide disappears during incubation. Extracts which show con¬ 
siderably less acetylation should be discarded. In some cases, a weak 
extract may be improved by addition of an extra 0.1 ml. of 0.1 m cysteine. 

Standard Coenzyme 

A potent coenzyme solution is prepared by quickly boiling fresh minced 
pigeon, rat, or rabbit liver with 3 volumes of water. To make a dry prep¬ 
aration of coenzyme A, this solution is brought to pH 2 with hydrochloric 
acid and then is precipitated with 10 volumes of acetone; the precipitate 
is washed with acetone and ether and dried. This preparation is hygro¬ 
scopic and deteriorates on wetting. When kept in a desiccator, however, 
in a cool place, it is very stable. Such crude coenzyme A preparations 
contain 0.25 to 0.5 unit per mg. of dry matter. This preparation is used as 
the reference coenzyme. With it, an activity-concentration curve (Fig. 1) 
is prepared, and the amount corresponding to the unit is noted. 

For evaluation of unknown samples, we test at two levels, slightly below 
and above the unit point respectively, and take the average. In each assay 
run are included the unit and the saturation points with the reference coen¬ 
zyme. The reading for the test sample, if not too far removed from the 
unit point, is divided by the reading for the unit of the reference coenzyme* 
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This yields directly the number of units contained in the unknown. A 
somewhat more accurate, although a more laborious, method of standardi¬ 
zation is to prepare a curve with reference coenzyme for every -batch of 
extract over a wider range of concentrations. From this standard curve, 
the coenzyme content of the test sample may be read directly. A new curve 
has to be prepared for every new extract, even if it is made from the same 
batch of acetone powder. In deep freezing, however, the extract does not 
change. 



Fig. 1 . Concentration-activity curves for coenzyme A preparations of different 
purity. The arrow indicates the point of 1 unit on the curve. Ordinate scale, sul¬ 
fanilamide acetylated. O, crude coenzyme,0.25 unit per mg.; X, purified coenzyme, 
130 units per mg. 

Coenzyme A Content of Animal Tissues, Microorganisms, and 
Plant Materials 

Preliminary data on the distribution of coenzyme A were published pre¬ 
viously (2, 4). Some further data on the distribution of the activator of 
choline acetylation in brain, which is identical with coenzyme A (5), were 
reported by Feldberg and Mann (6) and Nachmansohn and Berman (7). 

For the assay of coenzyme A in tissues, animals are killed by decapitation 
and the organs quickly removed and chilled. The organs are minced or 
homogenized with the appropriate volumes of water and rapidly boiled. 
The boiled extracts are then centrifuged or filtered and assayed for the 
coenzyme. 

In this procedure, little or no coenzyme is lost by autolysis. This was 
checked by microbiological determination of free and coenzyme A-bound l 

1 Novelli, G. D., Kaplan, N. 0., and Lipmann, F., in preparation. 
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pantothenic acid. Little or no free pantothenic acid was found in fresh 
tissues. Therefore, most or all of the pantothenic acid is bound in coen¬ 
zyme A. Detailed data on this point will be reported subsequently. 

Table II shows that considerable amounts of coenzyme A are present in 
all parenchymatous organs. The highest amounts are found in liver, as 
appears to be the general rule for all coenzymes. Liver seems to act to 
some extent as a storage organ. It was observed that the content of coen¬ 
zyme A in liver fluctuates more with variation of pantothenic acid intake 
than does the content of other organs. 

It is noteworthy that the organ nearest to the liver in coenzyme A con- 


Table II 

Coenzyme A in Animal Tissues 

All values are given in units of coenzyme A per gm. of fresh tissue. 



Human 

Rabbit 

Rat 

Pigeon 

Liver. 


112 

132 

105 

Adrenal. 


65 

91 


“ demedullated*. 



79 


Kidney. 


50 

74 


Brain. 


40 (Cortex) 

28 

40 

Heart. : 

| 

26 

42 

45 

Testes. . 

i 

26 



Intestine. . . j 

1 

i 


26 


Thymus. 

j 

: 

20 


Skeletal muscle. . . . I 

1 

6 



Blood plasma. 

0 




Red blood cells. 

3-4 





* We wish to thank Dr. H. W. Deane and Dr. R. 0. Greep for the demedullated 
glands. 


tent is the adrenal gland. Most of the coenzyme A must be present in the 
cortex, since demedullated adrenals show essentially the same amounts as 
do the whole adrenals. It is tempting to see a relationship between this 
high content in coenzyme A and the adrenal cortex degeneration in panto¬ 
thenic acid deficiency ( 8 ). A possible r61e of coenzyme A in the manu¬ 
facture of cortical hormone may be suggested by its function in acetate 
metabolism (9, 10). Acetate has been reported as being a building stone 
of substances of steroid structure ( 11 ). 

In Table II data on human blood are included. Coenzyme A was found 
absent in plasma, but red blood cells contained relatively large amounts, 
3 to 4 units per ml., which corresponds to approximately 2 7 of pantothenic 
acid. Values of 0.2 to 0.4 7 per ml. (12), reported for pantothenic acid in 
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blood cells, therefore appear too low, owing probably to an incomplete 
recovery of pantothenic acid from coenzyme A. 

Among the data on coenzyme A content in microorganisms, there is 
included a considerable number of values which were obtained with dry 
preparations, some of which had been stored for some time. These prep¬ 
arations were obtained by drying the organisms in a thin layer over phos- 


Table III 

Coemyme A in Microorganisms * 


Microorganism 

« 

Coenzyme A 
per gm. dry 
weight 

Preparation used for assay 

Proteus morganii . 

units 

572 

Freshly grown organism, 

Lactobacillus arabinosus . 

150 

boiled 

“ delbrueckii. ... 

40 

Dry preparation, sus¬ 

Tray-dried yeast. 

72 

pended in water and 

tt u 

41 

boiled 

TSscherichia coli . 

320 


Propionic acid bacteria. 

330 


Clostridium butylicum (dried extract).... 

2000 



* We wish to thank Mr. G. D. Novclli for collaboration in these experiments. 


Table IV 

Coenzyme A in Plant Material 


Coenzyme A per gm. fresh 
weight 


units 

Spinach. 0.74 

Tomato. 1.3 

Frozen peas. 4.5 

Wheat germ (commercial sample). 30 

Royal jelly (bee)*. 0 


* Kindly supplied by Dr. Thomas S. Gardner. 

phorus pentoxide, during which some autolysis may have occurred. The 
data obtained with these materials are to be considered minimum values. 
The figures in Table III show a considerable variation in coenzyme content 
in various microorganisms. The highest content so far observed in nature, 
2000 units per gm. of dry matter, was found in Clostridium butylicum ex¬ 
tract prepared according to the method of Koepsell and Johnson (13). This 
observation, together with the observed r61e of coenzyme A in acetate meta¬ 
bolism (9), seems to suggest a function of coenzyme A in the condensation 
of 2 carbon residues to 4 carbon chains. 
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Comparison of the data for coenzyme A in microorganisms and tissues 
shows that the coenzyme appears to be present in similar concentrations in 
both groups. It is to be observed that the data for animal tissues are given 
for fresh weight and are to be multiplied by a factor of 4 for such compari¬ 
sons. The content in plant material is generally lower. Peas, however, 
contain considerable amounts, and a high content was found in a commer¬ 
cial wheat germ preparation. The royal jelly of the bee was tested because 
of its unusually high content of pantothenic acid (14) but no coenzyme A 
was found. See Table IV. 

In general, the ubiquitous presence of coenzyme A in living cells soon 
suggested a more important function for it than merely that in the acetyla ¬ 
tion system in which its activity was first observed. Recent observations 
tend to amplify this early suggestion (9, 10). 

SUMMARY 

A method is described for the assay of the pantothenic acid derivative, 
coenzyme A. Pigeon liver extract which undergoes autolysis loses its 
ability to acetylate sulfanilamide. The acetylating activity is recovered 
by addition of coenzyme A. At medium concentration, reactivation is 
proportional to coenzyme A concentration. 

A unit of coenzyme A is defined as that amount which reactivates our 
system to half the maximum activity. 

Data are presented on the coenzyme A content of animal tissues, micro¬ 
organisms, and plants. It was found to be a general constituent of living 
organisms. The highest values were observed with liver, Clostridium 
buiylicum , and Proteus morganii. 
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A METHOD FOR COMPUTING THE EFFECTIVE EXTRANEOUS 
REDUCERS IN THE FOLIN SPECTROPHOTOMETRIC 
DETERMINATION OF CYSTINE* 

By HERBERT M. WINEGARD and GERRIT TOENNIES 

(From the Lankenau Hospital Research Institute and The Institute for Cancer 
Research, Philadelphia) 

(Received for publication, January 19,1948) 

The basic Folin method (1) for the determination of cysteine and cystine 
is dependent upon the blue color resulting from the reduction of phospho- 
18-tungstic acid by the sulfhydryl group of cysteine. For the determina¬ 
tion of cystine, one-half of its molecule is converted to cysteine by cleavage 
with sulfite (2). Under the conditions of sulfite treatment, the color due 
to cysteine itself is doubled. The color reaction is complicated, however, 
by the fact tliat the phosphotungstic acid reagent is reduced not only by 
cysteine but also to a certain extent by so called “extraneous reducers.” 
Lugg found (3) that the action of reducers other than cysteine may be in¬ 
creased by sulfite and proposed mercaptide formation of cysteine with 
mercuric chloride as a means of isolating the non-cysteine color, only to 
discover that the reducing effect of the extraneous reducers is enhanced 
when cysteine is thus eliminated. He overcame this difficulty by adding 
to the mercuric chloride blank a known amount of ferrous ion in quantity 
approximately equivalent to the amount of cystine present. Ferrous ion 
reduces phosphotungstic acid quantitatively, and by subtracting its con¬ 
tribution from the total color Lugg obtained the color value of the 
extraneous reducers as it appears in the presence of the large amount of 
reduced phosphotungstate. Kassell and Brand (4), in developing a modifi¬ 
cation of the Lugg method for use with the Pulfrich photometer, also recog¬ 
nized the fact that the direct mercuric chloride blank is too large. They 
replaced the ferrous ion method of Lugg by a scheme in which two mercuric 
chloride blanks were used, one with and one without sulfite. By averaging 
the resulting two values, they empirically arrived at what they considered 
to be approximately correct results. 

In connection with an investigation of the sulfur balance of a number of 
proteins, the Kassell and Brand method has been adapted for use with the 
Coleman model 11 spectrophotometer. With their method for computing 
the blank value, inconsistencies were encountered in results obtained on 

* Aided by a grant from the McNeil Laboratories, Inc., Philadelphia. Reported 
in part before the Division of Biological Chemistry of the American Chemical Society 
at Atlantic City, April, 1947. 
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HC1-HCOOH hydrolysates of proteins, and generally on proteins contain¬ 
ing substantial amounts of nucleic acid. These difficulties manifested 
themselves in cystine values varying with the amount of hydrolysate taken 
for analysis. It became necessary, therefore, to evaluate the blank values 
more critically by comparing them with those obtained by the ferrous ion 
method, which appears to be the most reliable if not the most convenient 
method of correction. 

The results liave revealed certain systematic relations between total re¬ 
ducers, apparent extraneous reducers, and true extraneous reducers which 
can be described by a nomograph. It appears that, within the range of 
materials studied, application of the nomograph permits a simpler evalua¬ 
tion of the blank than was heretofore possible. In addition, data have 
been obtained pertaining to the relation between method of hydrolysis and 
maximum cystine values. 


EXPERIMENTAL 

Proteins l r sed —Commercial egg white (egg albumin, Merck, impalpable 
powder, soluble), bovine plasma albumin (Armour Laboratories, Chicago), 
Tissue Protein TP3SM (a representative mixture of all the protein fractions 
obtained in this laboratory from a human lymphosarcoma), edestin (Hoff- 
mann-La Roche), lactalbumin (Labco 7-IIAAX), 1 reduced lactalbumin 
(lactalbumin reduced by thioglycolate), 1 and casein (Labco). 1 

Hydrolysis - At the outset of the investigation, a series of hydrolysis 
experiments was run in order to establish optimum conditions for obtain¬ 
ing reproducible and constant values for cystine in proteins. Dried egg 
white was used as the trial protein. Hydrolyses were carried out in a 
sealed tube in a pressure cooker kept at 120° in a constant temperature oven. 
The hydrolytic media used were 3 n HC1, 3 n HC1 in vacuo , and a 1:1 
mixture of 98 per cent formic acid and 6 n HC1 in vacuo (a modification of 
the method of Miller and du Vigneaud (6)). Samples consisted of approx¬ 
imately 200 mg. of protein and 2 cc. of acid. 

As shown in Fig. 1, the HOl-HCOOH medium yielded the best results. 
Other proteins hydrolyzed by this method behaved similarly. A protein 
fraction derived from a tumor nucleoprotein preparation yielded 0.85, 0.85, 
and 0.82 per cent cystine at 8, 16, and 24 hours, respectively, and bovine 
plasma albumin gave identical values of 6.02 per cent cystine at 6 and 16 
hours. The method, therefore, permits of wide latitude in the time of 
hydrolysis. 2 Kassell and Brand (7) did not recommend HC1-HCOOH as 

1 We are indebted to Dr. E. Brand for the samples of casein, lactalbumin, and re¬ 
duced lactalbumin used in these analyses. Their description, method of preparation, 
and cystine and cysteine content were reported by Kassell, Cahill, and Brand (5). 

* Similar experiments on methionine recovery showed that the HC1-HCOOH 
method, while satisfactory for hydrolyzing egg white, did not prevent losses of 
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a hydrolytic medium because they considered it necessary to remove the 
formic acid before analysis. We have found that under our conditions the 
analysis is not affected by the presence of formic acid and, in addition, that 
its removal by evaporation of the hydrolysate resulted in decreased cystine 
values (4 per cent and 7 per cent in two cases). Therefore, the analyses 
were, as a rule, carried out without removal of formic acid. In one series of 
determinations on the tissue protein (Sample 5EN, Table II), the hydrolysate 
was evaporated in a desiccator in order to study the effect of the removal 
of volatile substances on the blank value. In order to obtain a variety of 



HC1,120°; □, 3 n HC1,120°, in vacuo\ A, 3 nHC 1-50 per cent HCOOH, 120°, in vacuo. 
The slightly lower maximum value for this last curve is due to the removal of HCOOH 
by evaporation, which was later found to cause small losses in cystine content. 

blank conditions, a series of determinations was also included on a hydro¬ 
chloric acid hydrolysate of egg white. 

Decolorization —While the use of a spectrophotometer ordinarily makes 
the removal of soluble humins unnecessary, it was found that at the pH 
of the analysis precipitating humins often caused turbidities. Unless 
otherwise noted, the hydrolysates were therefore adjusted to pH 4.5 to 
4.8 and, after 20 minutes, filtered. A later check on this method showed 
that under these conditions any cysteine present undergoes rapid oxidation 
to cystine, so that only the sum of cystine and cysteine is being measured. 

methionine after 8 hours of hydrolysis in the case of a protein fraction derived from 
a tissue nudeoprotein. It is evident that the conditions of hydrolysis must be care¬ 
fully investigated for the particular amino acid and protein being analysed. 
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In the case of casein, the lactalbumins, and edestin, listed in Table II, the 
hydrolysates were not decolorized or neutralized previous to color develop¬ 
ment and any resulting turbidities were removed by filtration through a 
sintered glass filter. 3 

Analytical Method -The reagents and general procedure are those of 
Kassell and Brand (4). The various reaction mixtures used are summa¬ 
rized in Table J. The final volume in each case was 25 cc. Readings 
were made in 1.31 cm. square cuvettes at a mean wave-length of 720 mp. 
Spectrophotometric values are reported in optical density units equivalent 


Table 1 

Composition of Reaction Mixtures 



i 

Kassell and Brand 



V method (Lugg;* 


Solu- 

Solu- 

Solu- i 

Solu- 

Solu 

j Solu- 

Solu- 

Solu- 


tion A 

j tion B 

tion I) j 

tion E' 

tion F 

j tion G 

tion H 

tion 1 


i CC. 

! cc. 

«. 

cc. 

cc. 

| cc. 

cc. 

,. 

Buffer, pH 5.7 . . .. 

1 2-5 

: 2.5 

2.5 i 

2.5 

2.5 

j 2.5 

2.5 

2.5 

HgCh, 0.25 m. 

i 0 

0.1 

o.i i 

0 

0.1 

i 0.1 

0.1 

0.J 

HjO. 

; 

To 

make reaction volume of 8 

cc. 


Hydrolysate 

. 1 

1 

1 

0 

1 

0 

1 

0 

XaOH * 

• ! t 

! t 

t ; 

0 

t 

0 

i t 1 

0 

Phosphotungstic acid.... 

. . ; 0.5 

j 0.5 

0.5 j 

0.5 

0.5 

i 0.5 

i 0.5 1 

0.5 

Buffered sulfite. 

..1 0.25 

j 0.25 

o ; 

0 

0.25 

j 0 

0.25 

0 

Fe(NH4) s (8() 4 . 

...jo 

0 

° i 

0 

t 

t 

§ 

§ 


* The use of two levels of ferrous ion concentration in the blanks, followed by 
interpolation between them, is our refinement of the original Lugg method. 

t Sufficient NaOH to neutralize the acidity of the aliquot of the hydrolysate, 
as determined by previous titration to the methyl red end-point. 

% To yield an amount of color approximately half that of solution A. 

§ To yield an amount of color approximately equal to that of solution A. 

to HXX) X log 7o/7, where h is the intensity of the incident light and / 
that of the transmitted light. The photometer blank consists of buffer 
plus phosphotungstic acid (solution E'). It is our experience that the 
phosphotungstic acid reagent contributes an appreciable amount of light 
absorption to the solution tested, corresponding to about 10 optical density 
units. While in the actual determination this correction cancels out by 
subtraction of the blank, it is important in the preparation of the calibra¬ 
tion curve. Unless readings are made against a phosphotungstic acid 
photometer blank, the ratio of color to cystine concentration will markedly 
increase at low concentrations because of the contribution of the reagent 

3 It is our experience that filter paper selectively adsorbs the blue reduced phos¬ 
photungstic acid. 
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color; i.e., one does not obtain a constant molar extinction coefficient. The 
molar extinction coefficient for cysteine-reduced phosphotungstic acid at 
720 mu was found to be 6910 ± 20 over a range of 5.05 X 10 -4 to 26.0 X 
10 -4 mM of cystine per 25 cc. of final solution. 

In solution A there is developed the total color of cystine and of the 



Fig. 2. Optical densities of the total color A (A), observed blank B (□), and 
blank B' corrected by the ferrous method of Lugg (O). /, bovine plasma albu¬ 
min; II, egg white; III, Tissue Protein TP38M, Sample 5EN, IV ; Tissue Protein 
TP3SM, Sample 4N (sec foot-note to Table II). 

extraneous reducers; solution B gives the extraneous reducers with sulfite, 
and solution D shows the color caused by the extraneous reducers without 
sulfite. By averaging the two blanks, B and D, Kassell and Brand obtain 
their correction for extraneous reducers. In solutions F and H, cysteine, 
inactivated by mercuric chloride, is replaced by ferrous ion, in accordance 
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with Lugg’s procedure. The amounts of ferrous ion used in solutions F 
and H correspond respectively to approximately one-half and all of the 
color of solution A. At each level a concurrent determination on the same 
amount of ferrous ion solution without any hydrolysate is run (solutions 
G and I). The differences between F and G and between H and I represent 



Fio. 3. Relation of blank B' (HgCl,, SO,-, and Fe++) to blank B (HgCl,, SOD 
at different levels of total optical density. 0, bovine plasma albumin; O, egg 
white; ■, Tissue Protein TP3SM, Sample SEN; □, Tissue Protein TP3SM, Sam¬ 
ple 4N. The broken line is the locus of the optical densities of all solutions in 
which cystine and cysteine are absent and in which B' (corrected blank) is equal 
to the determined blank, solution B, and both are equal to the color of solution A. 


the colors corresponding to the extraneous reducers at the total optical 
densities of solutions F and H, respectively. From the resulting blanks at 
these two levels, it is a matter of interpolation to calculate the optical den¬ 
sity of the extraneous reducers in the presence of the color obtained in 
solution A of the determination. This corrected blank is referred to as 
B' hereafter. The difference between the color values A and B' is the opti¬ 
cal density due to the total cystine present. 
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Results 

The first proteins studied were egg white, bovine plasma albumin, and 
two tissue protein samples. Analyses were run on 1, 2, and 4 cc. aliquots 
of the hydrolysates. The resulting optical densities corresponding to A, 
B, and B' are shown in Fig. 2. It is notable in these graphs that in each 
case the values of A, B, and B' coincide, within the limits of error, at zero 
amount of hydrolysate, indicating that the color contributed by the sulfite 



-200-zioo-500- my 

OPTICAL DENSITY 

Fig. 4. Nomograph for determining the adjusted blank value B' from the deter¬ 
mined values of total color (solution A) and mercuric chloride blank (solution B) 

is independent of the added mercuric chloride and therefore cancels out in 
the final calculation. However, the graph also shows that, for reasons not 
apparent, the magnitude of this sulfite color differs for different hydroly¬ 
sates. 

The decreasing slope of the corrected B' curves with increase of total 
color in solution A suggests a suppressing action of the reduced phospho- 
tungstate on the reaction of the extraneous reducers. This tendency, 
evident in all the proteins tested, presented the possibility that a general 
relationship exists between the corrected blank values (B') and the de- 
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Table II 

Cystine Values Obtained by Three Methods for Computing Blank 


Protein* 

Hydrolytic 

treatment 

Aliquots 

analysed 

Cystine content found (range and average) 
according to 

Lugg (Fe) 

Nomograph 

Kassell and 
Brand 



cc. 

per cent 

per cent 

percent 

Bovine plasma al- 

(a) 

1,2,4 

5.80-5.94 

5.80-5.89 

5.50-5.72 

bumin 



5.85 

5.85 

5.63 

Egg white N 

(6) 

1,2,4 

2.26-2.43 

2.28-2.43 

2.21-2.36 




2.36 

2.35 

2.28 

Tissue Protein 

(a) 

1,2,4 

1.26-1.30 

1.22-1.28 

1.24-1.25 

TP3SM, Sample 



1.28 

1.26 

1.25 

SEN 






Tissue Protein 


1,2,4 

1.34-1.43 

1.40-1.46 

1.41-1.65 

TP3SM, Sample 



1.40 

1.43 

1.47 

4N 






Tissue Protein 

11 

1,2, 3, 4 


1.38-1.49 

1.37-1.60 

TP3SM, Sample 




1.45 

1.48 

IN 






Tissue Protein 

<1 

3,4 


1.36-1.36 

1.31-1.33 

TP3SM, Sample 

1 



1.36 

1.32 

2EN 

I 





Tissue Protein 


1,2, 3, 4 


1.27-1.39 

1.30-1.38 

TP3SM, Sample 




1.34 

1.33 

3EN 

j 





Tissue Protein 

1. 

1,2,4 


1.36-1.38 

1.35-1.38 

TP3SM, Sample 




1.38 

1.37 

4EN 






Casein N 

(c) 


0.321 

0.328 

0.328 

Lactalbumin 

(a), 8 hrs. 


3.00 

2.99 

2.99 


“ 16 “ 


2.94 

2.92 

2.89 

Reduced lactal- 

“ 8 41 


2.55 

2.57 

2.58 

buminj 

“ 16 “ 


2.54 

2.62 

2.54 

Edestin 

“ 8 “ 


1.18 

1.18 

1.16 


“ 16 “ 


1.21 

1.20 

1.18 


* The symbol E indicates removal of the formic acid after hydrolysis by evap¬ 
oration, while N indicates neutralization of the hydrolysate (pH 4.5), followed by 
filtration of the precipitated humins before analysis. 

t (a), 3 n HC1-50 per cent HCOOH, sealed tube in vacuo , 120°, 8 hours and, for 
the last three proteins, also 16 hours; (6), concentrated HC1, steam bath for 18 hours, 
boiled under a reflux for 8 hours; (c), 3 n HC1, sealed tube in vacuo , 120° for 8 hours. 

t The cysteine content of the reduced lactalbumin was found to be 0.18 and 0.13 
per cent after 8 and 16 hours of hydrolysis, respectively. Dr. E. Brand’s own de¬ 
termination gave 0.53 per cent cystine and 2.5 per cent cysteine. The cysteine 
determinations were repeated twice, in these cases hydrolyzing for 8 hours and 
analyzing within 30 minutes, without significant change in the results. We con¬ 
clude that the thioglycolate-reduced lactalbumin has undergone extensive reoxida¬ 
tion during storage (about 10 years). 






H. M. WINEGARD AND G. TOENNIBS 


termined A and B values. To explore this possibility, the data obtained 
with the different protein hydrolysates were combined into one graph by 
selecting the total optical density levels (determination of solution A) of 
100, 200,400,600, and 700 and for each of these levels correlating all values 
of solution B with the corresponding B' values. This resulted in the graph 
shown in Fig. 3. The similarly designated points represent each of the 
proteins and the curves connecting the points correspond to constant total 
optical density levels of solution A. 

The plotted data from these four hydrolysates seem to confirm a func¬ 
tional relationship. Besides accounting for the experimental points, they 
also adequately cover the limiting conditions of (a) a cystine-free hydroly¬ 
sate and (b) a pure cystine solution. In both of these cases the B and B' 
blanks are equal and in case ( b ) amount to zero. Fig. 4 shows a nomograph 
which is constructed from the ideal values of Fig. 3. Within the ranges 
covered, Fig. 4 permits direct reading of the B' value corresponding to any 
combination of experimentally found values for solutions A and B by 
projecting a line connecting the points corresponding to solutions A and B 
on the two horizontal lines to the curved scale of B' values. 

With the aid of this nomograph, results obtained on a number of hydroly¬ 
sates in addition to the ones constituting the basis for the nomograph were 
calculated. In Table II are shown the values obtained on each hydrolysate 
by the method of Kassell and Brand or by the nomograph method, and in 
most cases also those obtained by the Lugg ferrous procedure. 

On the whole, it seems that there is little difference in the results obtained 
by the various methods for calculating the blank. However, some varia¬ 
tion may be noted in the case of hydrolysates with high blank values, such 
as the tissue protein, Samples 4N and IN, and also in those with very low 
blanks, such as the bovine plasma albumin. The former proteins yield 
high results, while the latter tend to be low with the Kassell and Brand 
method, as compared with that of Lugg. It is only by using the higher 
values obtained with the nomograph on bovine plasma albumin that all of 
the sulfur could be accounted for as cystine and methionine. 

DISCUSSION 

As has been demonstrated by others, reduced phosphotungstic acid has a 
pronounced effect on the development of color by extraneous reducers. 
The mechanism may be either a shift in the equilibrium or a slowing of the 
rate of reaction of these reducers with phosphotungstic acid. In either 
case, inhibition is definite and the application of the mercuric chloride 
blank alone fails to yield correct results. This inhibition is a function of 
both the total color produced by the cysteine and cystine and the amount of 
extraneous reducers present. The systematic relationship between these 
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variables, as exhibited by Figs. 3 and 4, seems to be practically independent 
of the nature of the protein hydrolysate. Because of this relationship a 
convenient nomographic procedure may be substituted for the reliable and 
theoretically well founded Lugg method. While the empirical corrections 
of Kassell and Brand yield, in general, results as good as those obtained 
with the Lugg method, they fail when they are applied in the extreme con¬ 
ditions of very high blanks, such as was shown in the tissue protein, Samples 
4 N and IN, and those with very low blanks, as in the case of bovine plasma 
albumin. Under these conditions, the spread of values obtained by analyz¬ 
ing varying amounts of hydrolysate is decreased by applying either the 
Lugg or the nomograph method. 


SUMMARY 

1 . The Folin method for the determination of cystine, as modified by 
Kassell and Brand, has been investigated with the aim of obtaining a more 
reliable estimation of the correction due to extraneous reducers. 

2. Methods of hydrolysis are described which yield nearly constant maxi¬ 
mum values for total cystine in proteins. 

3. In HC1-HCOOH hydrolysates, evaporation of the hydrolysate in 
order to remove formic acid causes loss of cystine. The presence of 
formic acid, on the other hand, does not affect the analytical method 
itself. 

4. When the absorption is measured with the Coleman spectrophoto¬ 
meter at a wave-length of 720 m/t, the phosphotungstic acid present in the 
solution increases the amount of absorption appreciably. Phosphotungstic 
acid, therefore, must be included in the photometer blank in preparing a 
calibration curve. The molar extinction coefficient for cysteine-reduced 
phosphotungstic acid was found to be 6910 ± 20 at this wave-length. 

5. The degree to which extraneous reducers react with phosphotungstic 
acid is a positive function of their concentration and a negative function 
of the total concentration of reduced phosphotungstic acid. This relation 
appears to be independent of the specific nature of different types of protein 
hydrolysates and can be adequately described by a nomograph in which 
total color and color obtained when cysteine is inactivated by mercuric 
chloride are the only variables. 

6 . The relationship described in terms of the nomograph gives as good a 
basis for the estimation of the corrected blank as Lugg’s ferrous ion substi¬ 
tution method or Kassell and Brand’s scheme of using the mean value of 
the mercuric chloride blanks obtained in the presence and absence of sul¬ 
fite. 
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COUNTER-CURRENT DISTRIBUTION STUDIES ON 
STREPTOMYCIN: THE TAUTOMERISM 
OF STREPTOMYCIN 

By ELWOOD TITUS and JOSEF FRIED 

0 From the Divisions of Pharmacology and Organic Chemistry , The Squibb Institute 
for Medical Research , New Brunswick) 

(Received for publication, January 20, 1948) 

The simplicity and reproducibility which characterise the conversion of 
streptomycin to maltol (1) by heating in dilute alkali have made this reac¬ 
tion the basis of a frequently used analytical method for streptomycin (2). 
When used in these laboratories as a method of assaying streptomycin 
preparations, however, the maltol reaction consistently gave lower yields 
per unit of potency with pure streptomycin trihydrochloride or its calcium 
chloride double salt than with impure preparations of lower activity. This 
observation suggested the possibility that the cruder concentrates contained 
other maltol precursors less active than streptomycin, a supposition which 
has been confirmed by the isolation of mannosidostreptomycin 1 (5, 6). 

In a preliminary communication (7) it was remarked that the broad dis¬ 
tribution curves obtained by the application of the Craig counter-current 
distribution technique (8, 9) to solid streptomycin preparations assaying 
approximately 400 units per mg. could be considered to indicate the pres¬ 
ence of at least three maltol-producing entities (c/. Curve B (7)). The 
distribution studies herein described were originally undertaken as part of 
the effort to isolate the hypothetical third streptomycin-like, substance, but 
they have now shown that this third fraction does not represent such an 
entity and have instead yielded evidence that streptomycin exists in several 
tautomeric modifications, the relative proportions of which depend on the 
pH. These tautomers differ in the ratio of distribution between some 
immiscible solvent pairs and are at least partially separable by adsorption 
on alumina. 

In order to concentrate the different components, the crude mixture of 
streptomycin (400 to 600 units per mg.) was fractionated by liquid chroma- 

1 It has been suggested by Dr. Selman A. Waksman (Science^ 107, 233 (1948)) that 
the term streptomycin be reserved for the pure substance CsiHtvNrOis described by 
Peck et al . (3) and by Fried and Wintersteiner (4). The Squibb investigators (Fried, 
Stavely, Titus, and Wintersteiner) have cooperated with Dr. Waksman by sub¬ 
stituting the term mannosidostreptomycin for streptomycin B. The new name is 
based on data to be published shortly by Dr. Stavely and Dr. Fried. Crude con¬ 
centrates containing unknown proportions of the two streptomycins would be re¬ 
ferred to under the revised nomenclature as “streptomycin complex.’* 

57 



58 


STREPTOMYCIN 


tography with dry methanol and acid-washed alumina (10, 11). The solid 
residues obtained by lyophilization of each chromatographic fraction were 
then subjected to counter-current distribution in butanol and 5 per cent 
p-tolucnesulfonic acid (7). Since for each constituent of a mixture exam¬ 
ined by the latter technique the distribution curve will show a maximum, 
the location of which is a simple function of the partition coefficient (12), 
it proved convenient to refer to the various fractions obtained in terms of 
their distribution constants between the phases used. These constants, 
which may be readily calculated from the curves (12), represent the ratio 
of concentration in butanol over concentration in the aqueous phase, and 
are for the sake of brevity hereinafter referred to as K. The twenty-four 
plate distribution curves illustrated in this paper are all plotted so that 
fractions appear from left to right in the order of increasing distribution 
constants, substances with a K of 1 having their maximum concentration 
in the center. 

Distribution quickly revealed that chromatography had effected the 
separation of three types of material. That obtained in the first three or 
four fractions from the column contained 20 to 40 per cent of what appeared 
from the broad distribution curves to be an ill defined mixture of maltol- 
producing substances with K ranging from 1 to 10. Streptomycin, with a 
K of unity, accounted for the remainder of the first fractions and occurred 
practically pure in subsequent ones. This yielded place to mannosido- 
streptomycin (5, 0) as the more strongly adsorbed fractions emerged from 
the column, a process which was reflected in the distribution curves by the 
disappearance of the central band corresponding to a K of 1 and the ap¬ 
pearance of a peak corresponding to a K of about 0.4. This paper will be 
concerned only with the early chromatographic fractions in which manno- 
sidostreptomycin had not yet appeared. 

Curve A in Fig. 1 illustrates the distribution in a 5 per cent p-toluene- 
sulfonic acid system of a typical early chromatographic fraction. The 
broad curve obtained is open to two interpretations, the immediately 
obvious one being the presence of several substances with K ranging be¬ 
tween 1 and 10. Such curves would also result, however, if material moving 
far to the right of the distribution pattern because of its high K was to be 
gradually converted during the course of the distribution to a substance of 
lower partition coefficient. In that event, part of the material would be 
left behind as the decomposing substance moved to the right, causing the 
sort of curve illustrated. Such a reaction would not be surprising in view 
of the high acidity of the system used. 

The first indication that the form of Curve A might be attributable to 
the interconversion of several modifications of the same substance was the 
striking similarity between fractions removed from various tubes of the 
distribution apparatus. 
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The concentrations of streptomycin in the run illustrated by Curve A 
were measured by the maltol test, by bioassay, and by the quantitative 
application of the Sakaguchi reaction. The modification of the latter sug¬ 
gested by Thomas, Ingalls, and Luck (13) was used as described in the 
literature, the more concentrated sample being diluted to approximately 



Fig. 1 . Distribution curves. Curve A, early chromatographic fraction in butanol 
and 5 per cent toluenesulfonic acid. the optical density obtained by the 
Sakaguchi reaction. All other symbols represent the change in optical density at 326 
m*i on heating in alkaline solution. Curve B, distribution of the same material in 
butanol and 3 per cent toluenesulfonic acid at 22°. Curve C, the same material 
distributed as in Curve B but at 5°. Curve D, the same material after standing in 
0.2 n HfSOi, distributed as in Curve C. 

100 units per ml. with the blank lower layer prior to the treatment with 
concentrated alkali. The correspondence of the maltol and Sakaguchi 
determinations is illustrated in Curve A in Fig. 1. Bioassay of these frac¬ 
tions against Klebsiella -pneumoniae (14) revealed that the ratio of biological 
units per ml. to the optical density at 325 mp of the maltol solution produced 
in the chemical determination was constant, regardless of the fractions 
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analysed. The average deviation of ±5.3 from the value of 88.2 for the 
constant was within the limit of error of the microbiological assays, so that 
no difference in potency, streptidine content, or ability to produce maltol 
could be demonstrated between the fractions in the higher numbered tubes 
and those in the central band. 

Further evidence was obtained in an attempt to isolate some of the mate¬ 
rial in the fraction of the higher partition coefficient. A twenty-four plate 
run with 5 per cent toluenesulfonic acid was made with material with the 



Fig. 2. Distribution curves. Curve A, an early chromatographic fraction; Curve 
B, redistribution of material obtained from Tube 22 of Curve A. 

distribution pattern illustrated in Curve A, Fig. 2. The conditions were 
identical to those used in obtaining Curve A, but the run was made with 
50-fold quantities in 1 liter separatory funnels. The lower layer in the 
separatory funnel corresponding to Tube 22 of the machine was neutralized 
with Ba(OH) 2 and the solution freeze-dried. The solid residue was trans¬ 
ferred to a glass-stoppered centrifuge tube and triturated with twice its 
volume of anhydrous methanol to separate the readily soluble streptomycin 
trihydrochloride from the relatively insoluble ( 9.8 mg. per ml.) barium 
p-toluenesulfonate. After centrifugation and removal of the supernatant, 
the residue was triturated with another portion of methanol and centrifuged. 






E. TITUS AND t. FRIED 


61 


The combined methanol extracts were evaporated to dryness in the cold 
and the triturations with methanol were repeated. Approximately 10 per 
cent of the total streptomycin content was lost at each step. Evaporation 
of the final methanol solution left a residue of 37 mg. of solid material con¬ 
taining 22 per cent of streptomycin base, calculated from maltol analysis. 



Fig. 3. Curve A, distribution of pure calcium ohloride double salt of streptomycin 
hydroohloride; Curve B, distribution of the same material after standing at pH 7.42. 

Redistribution of 20.9 mg. of the material gave Curve B, Fig. 2, practically 
identical with that of the starting material, a result which could only be 
explained by transformation of the high K material into a substance of lower 
partition coefficient. 

In order to determine whether the high K fraction, which appeared from 
the above to be unstable in acid, could be reconstituted at higher pH, a 
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sample of 9.9 mg. of the pure calcium chloride double salt of streptomycin 
(11) was allowed to stand in solution at pH 7.42 for 30 hours. The solution 
was freeze-dried and the residue distributed. Fig. 3 illustrates the signifi¬ 
cant increase in material of high K caused by this treatment, Curve A repre¬ 
senting the distribution in 5 per cent toluenesulfonic acid of 10 mg. of the 
original sample and Curve B the same material after standing. 

The ready interconvertibility of these fractions strongly suggested that 
streptomycin can exist in several tautomeric modifications, the forms of 
high K being favored in alkaline and those of low K in acid solutions. To 
determine quantitatively the relative proportions of such substances by 
distribution in a system in which one form is rapidly being converted to the 
other is obviously impossible. A qualitative demonstration of their exist¬ 
ence is possible only when conversion proceeds slowly enough so that signifi¬ 
cant quantities of the forms with higher K survive to be carried to the 
higher numbered tubes of the apparatus. The distorted distribution 
curves caused by this phenomenon likewise make it impossible to state with 
certainty the number of tautomeric forms. 

These difficulties were partially surmounted by the use of less drastic 
conditions. 

It was found possible to slow the rate of conversion of one form to the 
other by running distributions with 3 rather than 5 per cent toluenesulfonic 
acid, and to do so even more effectively by using the 3 per cent system at 
5°. No other changes were made in the described procedure and the only 
effect was a lowering of the distribution constant. Distribution in these 
systems revealed that the early chromatographic fractions contained far 
higher proportions of the high K forms than originally suspected. Curves 
B and C of Fig. 1 illustrate the patterns obtained when 12 mg. samples of 
the same material whose distribution is recorded in Curve A were run in the 
3 per cent system at 22°, and in the 3 per cent system at 5°. 

Use of these systems permitted a clearer demonstration of the intercon¬ 
vertibility of the tautomeric forms. A sample of 12 mg. of the early chro¬ 
matographic fraction whose distributions are recorded in Fig. 1 was allowed 
to stand 24 hours in dilute sulfuric acid, neutralized, and freeze-dried. Dis¬ 
tribution of the residue in 3 per cent toluenesulfonic acid is recorded as 
Curve D in Fig. 1, and comparison with Curve B in the same figure makes 
clear the decrease in the amount of material in Tubes 18 to 24, and the corre¬ 
sponding increase in the centrally located band. 

The formation of the high K modifications in alkaline solution was strik¬ 
ingly illustrated when distributions were run at 5° with 3 per cent toluene¬ 
sulfonic acid systems. Curve A in Fig. 4 represents such a distribution of 
19.8 mg. of the same sample of calcium chloride double salt which was used 
for Curve A of Fig. 3. A 24.6 mg. sample of this salt was allowed to stand 
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in solution at pH 7.62 at room temperature for 24 hours, after which the 
solution was freeze-dried and the residue distributed as before, with the 
result shown in Curve B of Fig. 4. 

More nearly complete conversion was noted when another sample was 
dissolved in water, brought to pH 8.77, and allowed to stand for 72 hours, 
during which time 16 per cent decomposed, as measured by the loss in ability 
to produce maltol. An aliquot of this material was freeze-dried and the 
residue distributed at 5° with the 3 per cent system, as shown in Curve B 
of Fig. 4. 

The presence of the aldehyde group in the streptose portion of the mole- 



Fig. 4. Distribution in butanol and 3 per cent toluenesulfonic acid at 5°. Curve 
A, the pure calcium chloride double salt of streptomycin trihydrodhloride; Curve B, 
the same material after standing at pH 7.52; Curve C, the same material after 
standing at pH 8.77. 

cule is apparently essential for these interconversions, since reduction to 
the dihydro derivative eliminated the tautomerism. The dihydro deriva¬ 
tives of either the early chromatographic fractions or the pure calcium 
chloride double Balt, when distributed in butanol and 5 per cent sulfonic 
acid, gave identical curves in good agreement with the theoretical distribu¬ 
tion of a homogeneous substance. Distributions of 40 mg. samples of these 
substances are illustrated in Fig. 5. 

It seems plausible, then, to suggest that, although the phenomena might. 
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at first glance be taken as evidence for the existence of a third substance 
related to streptomycin, they are more probably an indication of a tauto¬ 
meric mixture, possible components of which might be the aJdehydo struc¬ 
ture proposed by Kuehl and coworkers (15), and a ring form obtained by 



Fig. 5. Distribution curves of dihydrostrcptomycin. Curve A, the dihydro 
derivative from an early chromatographic fraction; Curve B, the dihydro derivative 
prepared from the pure calcium chloride double salt of streptomycin. A indicates 
the theoretical distribution of a homogeneous substance. 

the reaction between the aldehyde group and a guanidine group from the 
streptidine moiety. 

There is some evidence for the existence of airmlftr modifications of 
mannosidostreptomycin since samples of the latter give curves of the same 
general form as the early chromatographic fractions of streptomycin. Be- 
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cause of the distribution constant of 0.44 for this substance in the 5 per cent 
toluenesuifonic acid system, most of the material appears in a band with 
maximum concentration at Tube 7, while that portion of the curve assumed 
to represent the form with higher K occurs in the region of Tube 12. The 
possibility that this fraction indicates contamination of these samples with 
streptomycin has been eliminated by distribution in other two-phase sys¬ 
tems which differentiate between the streptomycins, but do not distinguish 
between tautomeric modifications. These systems are described elsewhere 
by others in these laboratories. 2 

" EXPERIMENTAL 

Counter-Current Distribution —The immiscible liquid pairs used for these 
studies were prepared by mutually saturating n-butanol and water. East¬ 
man c.p. p-toluenesulfonic acid monohydrate was made up in the water to 
the desired concentration, usually 3 or 5 gm. per 100 ml., and this solution 
was then shaken for several minutes with an equal volume of the butanol. 

For the preliminary determination of distribution constants in these 
systems, streptomycin hydrochloride, assaying at 750 units per mg., which 
had been purified by the chromatographic procedure of Carter et al. (10), 
recrystallization of the helianthate (11), and conversion to the hydrochlo¬ 
ride, was made up to 100 y per ml. in the aqueous phase. Equal volumes 
of this solution and the butanol upper layer were shaken together for 2 
minutes and allowed to separate. The streptomycin concentration in the 
aqueous layer was determined by the maltol reaction before and after shak¬ 
ing and the distribution constant calculated as the difference in the two 
readings divided by the final concentration. 

To determine streptomycin concentrations, 0.2 ml. of 4 n NaOH was 
added to 4 ml. of the aqueous phase in a test-tube. The contents were 
mixed well, heated in a boiling water bath for exactly 10 minutes, and 
brought to room temperature by cooling in an ice bath. Loss of volume 
by evaporation during the heating was prevented by suspending a small 
funnel in the mouth of each test-tube to provide a surface for condensation 
and blowing a stream of air against the exposed upper portion of the test- 
tube. The ultraviolet absorption at 325 m/x of each solution was measured 
before and after heating, with 1 cm. cells in the Beckman quartz spectro¬ 
photometer, and the difference between the two readings, referred to as 
AD, was taken as a measure of the streptomycin concentration. Values 
of AD obtained in these toluenesuifonic acid systems are shown in Table I 
to be proportional to the streptomycin concentration down to levels of 
approximately 25 units per ml. Below this, the increasing yield of maltol 
necessitates the use of correction factors to retain the proportionality. 

2 Plaut, G. W., and McCormack, D. R., in press. 
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The distribution constant of streptomycin varied with the concentration 
of p-toluenesulfonic acid, values of 0.3, 1.0, and 1.8 being obtained with 
acid made up to 3, 5, and 10 per cent in the aqueous phase. 

Partition coefficients in the 3 and 5 per cent systems proved independent 
of streptomycin concentration within the limits encountered in the distribu- 


Table 1 


Correction of AD Values 


Units per ml. 

A D per unit per ml. X 100 

Correction, per cent of AD 

100 

1.92 


75 

2.00 


60 

1.95 


50 

1.99 


30 

* 2.07 


25 

2.02 


15 

2.18 

— 9.0 

10 

2.25 

- 11.0 

5 

2.54 

- 21.2 

2.5 i 

3.04 

- 34.0 

1.25 j 

4.24 

-53 


Table 11 


Distribution Constant of Streptomycin in Butanol-6 Per Cent 
p-Toluenesulfonic Add 

i 

Mg . per ml. 

Distribution constant 

Per cent recovery by benzene 
treatment 

100 

0.124 


50 

0.25 


25 

0.46 


2.0 

1.2 

83.9 

1.0 

1.1 

76.4 

0.50 

1.2 

77.5 

0.25 

1.4 

76.5 

0.13 

1.4 

76.5 

0.063 

1.1 

78.8 

0.031 

1.1 

81.5 


tions, as illustrated by the series of determinations summarized in Table II. 

Distribution curves obtained with 10, 50, and 130 mg. samples of the 
same material proved superimposable, so that deviations of experimentally 
obtained curves from the theoretically predicted patterns were not attribut¬ 
able to variations in partition coefficient during the runs. 
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In spite of the acidity of the systems, samples of streptomycin showed 
no loss in potency when allowed to stand for 45 hours in these solutions. 

All distributions were made in a twenty-four plate Craig counter-current 
apparatus similar to a previously described model (8), and containing 8 ml. 
of each phase in each tube. Samples of 8 to 10 mg. were dissolved in 8 ml. 
of one phase and placed in the 0 tube of the machine. The phases were 
equilibrated by rocking the apparatus 2 minutes and were allowed to sepa¬ 
rate for 2 minutes before each movement of the upper half of the machine 
to a new position. 

Although it would have been desirable to displace all of the streptomycin 
in each tube into the lower layer so that the maltol analysis of the aqueous 
phase would reveal the total material in each tube, this did not prove prac¬ 
ticable. It was possible, however, by the addition to the upper layer of 
one-half its volume of benzene to displace 26 to 30 per cent of the strepto¬ 
mycin contained in the butanol into the aqueous phase. This was checked 
experimentally at the time the distribution constants were measured and 
Table II lists the per cent of streptomycin recovered when a solution in the 
lower phase was shaken with an equal volume of upper layer and half the 
volume of benzene. 

The variations in K values listed for the lower streptomycin concentra¬ 
tions in Table II are attributable to the fact that the constant was computed 
from the formulaiC = (Cb — C A )/(C A ) where Cb and C A represent the con¬ 
centrations of streptomycin in the lower phase before and after shaking with 
an equal volume of the upper. Errors in determining concentration thus 
enter the computation twice and are magnified in the value for K. The 
partition coefficient calculated by the method of Williamson and Craig (12) 
from the distribution curves with the 5 per cent toluenesulfonic acid system 
averaged 0.97 in runs made over a period of some months, the most extreme 
variations being from 0.92 to 1.05. 

Recoveries of streptomycin from the distribution apparatus were calcu¬ 
lated by summation of the AD values from each tube. These were usually 
between 75 and 80 per cent in agreement with Table II. In extreme cases 
in which most of the streptomycin was present as the modification with 
high partition coefficient ( e.g . Curve C, Fig. 4) the recoveries were lower, 
68 to 70 per cent, as would be expected from the fact that most of the mate¬ 
rial in the higher numbered tubes is contained in the upper phases, so that 
the benzene treatment displaces a smaller proportion of the total into the 
lower layers. The same reasoning accounts for the higher recoveries of 
80 to 82 per cent at the other extreme (e.g. Curve D, Fig. 1), where most 
of the streptomycin is concentrated in the fractions of lower K. 

Because of the phenomena herein described the K values in the 3 per 
cent system could not be calculated as precisely from the curves, but the 
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best estimates were from 0.49 to 0.55 at room temperature (21 =b 2°), and 
from 0.29 to 0.39 at 5°. 

Chromatography of Crude Material —Through a column 3.2 cm. in diam¬ 
eter containing 460 gm. of alumina was passed a solution of 10 gm. of strep¬ 
tomycin (450 units per mg.) in 100 ml. of methanol. 80 ml. fractions were 
collected and the solvent removed in vacuo . The residues were taken up 
in 10 ml. of water, filtered, and lyophilized. Table III summarizes a typical 
experiment. In order to indicate the changing proportions of the forms 
with low and high partition coefficients, the final column of Table III lists 
the ratio of material appearing in Tubes 0 to 17 to that found in Tubes 18 


Table III 

Chromatography of Crude Streptomycins 


{Fraction 

Weight 

Biopotency 

Ratio of material 
Tubes 1-17 
Tubes 18-24 


gm. 



A 

0.2160 

495 


B 

0.3186 


2.98 

C 

0.3862 

593 


D 

0.3669 



E 

0.2628 

612 

4.98 

F 

0.2758 



G : 

0.4701 

638 


H ! 

0.3616 



I 

0.3682 j 

392 


J 

0.2917 l 



K 

0.2049 

373 


L 

0.2219 ! 

_ __j 

______ ________ 1 

10.61 


to 24 when these chromatographic fractions were distributed in butanol 
and 5 per cent toluenesulfonic acid. 

Attempted Isolation of Material of High K —A 40 mg. sample of an early 
chromatographic fraction was distributed as described in a 5 per cent tolu¬ 
enesulfonic acid system. The lower layers, after the conversion to maltol, 
were diluted 1:5 with 0.1 n NaOH to obtain the AD values plotted in Curve 
A, Fig. 2. 

In order to duplicate this run with 40-fold quantities of streptomycin and 
solvents, the distribution was made in a series of 1 liter separatory funnels, 
as described elsewhere (9). Since after each equilibration in separatory fun¬ 
nels the lower layer is transferred to the next funnel, those substances of 
lowest partition coefficient are carried farthest along the line of funnels. 
This is the reverse of the situation in the Craig apparatus, where the upper 
layer moves. The two techniques give identical curves if the order of num- 
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bering the tubes is reversed. For this reason, the funnel to which the sam¬ 
ple was added and in which the first equilibration occurred was Tube 24 and 
succeeding funnels were numbered in descending order. Since only the 
fractions of the higher distribution constant were desired, it was necessary 
to set up but three funnels, Tubes 24 to 22. Each contained 320 ml. of the < 
upper layer. The sample was added to Tube 24 and equilibrated, and the 
lower layer drawn into Tube 23. The fresh lower layer was then added to 
Tube 24 and both vessels were shaken. The lower phase of Tube 23 was 
then drawn into Tube 22, that from Tube 24 into Tube 23, etc., the process 
being repeated until Tubes 24, 23, and 22 had had 24,23, and 22 equilibra¬ 
tions respectively. The lower phase from Tube 22 was drawn off and 
discarded at each step. The contents of Tube 22 were shaken with 
benzene as usual, and the lower layers withdrawn, titrated to pH 6 to 7 
with Ba(OH)j, and freeze-dried. The residues were broken up in 15 ml. of 
dry methanol, shaken vigorously, and centrifuged. The supernatant was 
removed and the residue again extracted with 10 ml. of methanol. 

The combined methanol solutions were evaporated to dryness, and the 
residue extracted as before with 1.0 and 0.5 ml. portions of methanol. 
Evaporation of the solvent left a residue weighing 36.6 mg. Over-all re¬ 
covery of the streptomycin originally in the lower layer was 66 per cent, 
based on analyses of each fraction by conversion to maltol. 20.9 mg. of 
the material were distributed with 5 per cent toluenesulfonic add (Curve B, 
Fig. 2). 

The authors wish to acknowledge the assistance of Mr. Edward Paredes 
in the chromatographic separations and of Miss Antonine Hoffmann, Mr. 
Stanley Ulick, and Mr. Robert Matusow in the counter-current distribu¬ 
tions. 


summary 1 

Evidence obtained by counter-current distribution indicates that strep¬ 
tomycin exists as a mixture of tautomeric modifications, the relative propor¬ 
tions of which depend upon pH. The tautomers are at least partially sep¬ 
arable by chromatography. 
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By LOUISE J. DANIEL, M. L. SCOTT, G. F. HEUSER, and L. C. NORRIS 
With the Technical Assistance op Florence Schenker and Betty Brown 

(From the Agricultural Experiment Station and the School of Nutrition t 
Cornell University , Ithaca) 
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Unknown growth factors have been reported for several lactobacilli. 
Cheldelin and Riggs (1) stated that Lactobacillus gayonii 8289 requires a 
factor in Wilson's liver fraction L for growth on a casein hydrolysate 
medium containing norit and Lloyd's reagent filtrates of peptone and yeast 
extract. Metcalf, Hucker, and Carpenter (2) found a growth factor present 
in several vegetable juices, including carrot, beet, onion, cabbage, and 
tomato juice. This was a heat-stable factor which caused a stimulation of 
acid production by certain lactobacilli. Kuiken, Norman, Lyman, Hale, 
and Blotter (3) reported an unknown factor in tomato juice necessary for 
the growth of Lactobacillus arabinosus . This substance was adsorbed by 
norit. Shorb (4, 5) reported an unidentified growth factor for Lactobacillus 
lactis Domer in refined liver extracts used in treating pernicious anemia, 
and one in clarified tomato juice. Both of these factors were required for 
optimum growth of this organism. The liver factor was found to be con¬ 
centrated in the refined extracts in practically a linear relationship to the 
potency of their antianemic activity. 

Tomato juice has been known to contain a factor or factors needed for the 
optimum growth of many microorganisms. Grossowicz (6) in 1942 re¬ 
ported that tomato juice contained a new factor, adsorbable on norit, which 
produced good growth of Streptococcus hemolyticus t type A. 

Woolley (7) reported the existence of an unknown growth factor in liver 
for hemolytic streptococci, and later Sprince and Woolley (8) found it to be 
necessary for the growth of Lactobacillus casei. The active material, which 
they named strepogenin, was found in largest amounts in crystalline insulin, 
trypsinogen, trypsin, and casein (9). On a medium containing casein 
hydrolysate that had been hydrolyzed with H2SO4 to destroy the strep- 

* This work was undertaken in cooperation with the Office of Naval Research, 
Navy Department, Washington, D. C., and was aided by grants to Cornell University 
by the Cerophyl Laboratories, Inc., Kansas City, Missouri, the Nutrition Founda¬ 
tion, Inc., New York, and the Western Condensing Company, San Francisco, Califor¬ 
nia. This work was conducted in the Nutrition Laboratories of the Department of 
Poultry Husbandry. 
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ogenin activity, Lactobacillus casei would grow when strepogenin concen¬ 
trates were added as the only supplement. 

Scott, Norris, and Heuser (10) found that two unknown factors were re¬ 
quired for the growth of Lactobacillus casei. One of these factors was usually 
associated with products of animal origin, and the other was present in the 
Darco filtrate of tryptone. The unadsorbable factor was referred to as 
strepogenin, although, contrary to the work of Woolley, this substance, when 
added to a casein hydrolysate basal medium, did not promote growth. 
Only in the presence of the so called “animal protein factor” did maximum 
growth occur. Scott, Norris, and Heusor (11) have correlated factor S 
activity of several feedstuffs for the chick with their strepogenin activity 
for Lactobacillus casei. Their results demonstrate that the same activity is 
being measured by the microorganism and the chick. 

In view of these findings and recent work by Nichol, Robblee, Cravens, 
and Elvehjem (12) on the effect of liver extract on the growth of chicks, a 
study was made to determine the response of Lactobacillus casei to liver 
extract and tomato juice. 


EXPERIMENTAL 

Culture —The culture of Lactobacillus casei was obtained from the Amer¬ 
ican Type Culture Collection. It was maintained in stab culture in a 
medium containing liver, glucose, yeast, tryptone, and agar, the compo¬ 
sition of which is described by Nymon, Gunsalus, and Gortner (13). 
Weekly transfers were made through broth cultures of the same composi¬ 
tion, except for the omission of agar. 

The inoculum tubes were prepared by adding tryptone (adsorbed $ hour 
with an equal weight of Darco G-60) at a level of 25 mg. per tube to the 
basal medium. The organism was grown for 18 to 24 hours in this inoculum 
tube at 37°. It was then transferred to a sterile centrifuge tube and centri¬ 
fuged for 15 minutes at approximately 2500 r.p.m. The medium was dis¬ 
carded and the organisms were resuspended in sterile saline, and diluted 
until a reading of between 60 and 70 was obtained on the galvanometer of 
a Coleman spectrophotometer set at a wave-length of 650 m/». One loopful 
of this suspension was used to inoculate each assay tube. 

Medium Used —An amino acid mixture was used as the nitrogen source in 
the medium instead of casein hydrolysate. The amino acids used (and the 
amounts of each) were the Bame as those given in the report by Stokes, 
Gunness, Dwyer, and Caswell (14) for Streptococcus faecalis. This mixture 
contained all sixteen amino acids shown by Hutchings and Peterson (15) to 
be needed by Lactobacillus casei, and in addition glycine, proline, hydroxy- 
proline, and norleucine. The other constituents of the medium were the 
same as those reported by Scott, Norris, and Heuser (10) with one ex- 
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ception. The pyridoxal was added to the medium before sterilization at a 
level of 10 y per tube. The assay tubes were steamed for 15 minutes, cooled 
■ to 35-40°, and inoculated. They were incubated at 37° for 16 to 18 hours. 
At the end of this time the turbidity of the suspensions was read in a 
Coleman spectrophotometer at a wave-length of 650 m m. 

Strepogenin Concentrate from Casein —The source of strepogenin used in 
this study was a concentrate made from Labco or Difco vitamin-free casein 
by the method of Sprince and Woolley (9) as modified by Scott. 1 It was 
prepared as follows: 1 liter of distilled water was added to 100 gm. of casein. 
(In the case of Labco casein the suspension was steamed 3 minutes and 
cooled.) The pH was adjusted to 8.0 with NaOH. 2 gm. of trypsin 
(Pfanstiehl) were added to the mixture, which was covered well with 
toluene, and allowed to digest at 37° for 20 hours. It was necessary to 
adjust the pH several times in order to keep it at 8. After 20 hours the pH 
was changed to 7.0 and the insoluble material was filtered off. 50 gm. of 
lead acetate were added and the resulting precipitate was removed by filtra¬ 
tion. The pH was then adjusted to 9.5 and another precipitate filtered off. 
The filtrate was saturated with H 2 S and the PbS was removed by filtration. 
The filtrate was concentrated under a vacuum until all of the H 2 S was re¬ 
moved. At this point the activity of the strepogenin concentrate was 
tested with Lactobacillus casei. If growth occurred when the strepogenin 
concentrate was added to the basal medium, the concentrate was treated 
with an equal weight of norit for £ hour, or until no growth occurred when 
it was the only supplement to the medium. 

Liver Extracts —The liver extracts tested were crude and refined prepa¬ 
rations used in the treatment of pernicious anemia. Six different extracts 
containing 15 U. S. P. units per ml. were studied, along with one each of 2, 
5, and 10 U. S. P. units per ml. All of the original preparations were se¬ 
cured from a local pharmacy. When a larger amount of one extract was 
needed, it was supplied by the manufacturer directly. 

Tomato Juice —Five samples of canned tomato juice were purchased on 
the open market early in October. Each was filtered through No. 44 
Whatman filter paper on a Buchner funnel with the aid of Celite filter aid. 
The resulting solutions were yellow in color. Part of each solution was 
adsorbed with norit at the natural pH of the serum (4.0 to 4.2) for £ hour 
(5 gm. of norit per 200 ml. of serum) and filtered to remove the charcoal. 
The resulting solution was colorless. 

RESULTS AND DISCUSSION 

In the first study, varying levels of strepogenin were added to increasing 
levels of liver extract. The results of this study are presented in Table I. 

1 Scott, M. L., unpublished data, Cornell University, Ithaca, New York. 
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When strepogenin or liver extract was added alone to the basal medium, 
no growth occurred. However, the addition of both together resulted in 
maximum growth. It is evident that strepogenin equivalent to 25 mg. of 
original casein per tube was enough to supply the strepogenin requirement 
of Lactobacillus casei in this case. It was necessary to establish this level 
for each new strepogenin preparation. Different batches of the liver ex¬ 
tract gave relatively uniform responses. 

It is evident that a clear cut differentiation in factors has been obtained. 
The unadsorbed activity in trypsin-digested casein, which is not precipi- 

Table I 

Effect of Strepogenin and Liver Extract on Growth of Lactobacillus casei 


hour incubation. 

Strepogenin* 

APFf 

Galvanometer reading! 

mg. per tube 

unit per tube 


0 

0 

100 

0 

0.4 

90 

50 

0 

100 

10 

0.1 

75 

10 

0.2 

40 

10 

0.3 

26 

10 

0.4 

23 

25 

0.1 

40 

25 

0.2 

20 

25 

0.3 

17 

25 

0.4 

16 

50 

0.1 

41 

50 

0.2 

24 

50 

0.3 

19 

50 

0.4 

15 


* Strepogenin concentrate from Labco vitamin-free casein, 
t Lilly’s antipernicious anemia extract, 15 units per ml. 
t A galvanometer reading of 100 represents no growth. 


tated by lead, is identified as strepogenin. The activity present in the liver 
extract shall henceforth be called “animal protein factor” (APF) since un¬ 
published data 2 indicate that this activity is correlated with the response 
of the chicks fed an all vegetable diet to preparations of the animal protein 
factor. 

Having established the fact that liver extracts contain a growth factor for 
Lactobacillus casei , it was considered advisable to test the activity of differ¬ 
ent liver preparations. Eight more extracts were assayed for APF activity 
with strepogenin in the medium at a level equivalent to 25 mg. of original 
casein per tube. The results of this study are presented in Table II. 

* Combs, G. F., unpublished data, Cornell University. 
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Tabus II 

Response of Lactobacillus casei to Various Liver Extracts in Presence of Strepogenin* * * § 
18 hour incubation. 


APF 

Level, units 
per tube 

Galvanometer 

reading! 

Activity index! 

None 


100 


Lilly, 15 units per ml.§ 

0.05 

57 

100 


0.10 

27 



0.20 

12 



0.30 

10 


Sample A,|| 5 units per ml. 

0.10 

48 

56 


0.20 

27 



0.30 

16 



0.40 

11 


44 B, 15 44 44 44 

0.10 

65 

39 


0.20 

41 



0.30 

25 



0.40 

13 


44 C, 15 44 44 44 

0.25 

39 

25 


0.50 

21 



0.75 

16 



1.00 

11 


<4 J-) g 11 « <4 

0.25 

68 

14 


0.50 

47 



0.75 

26 



1.00 

15 


44 E, 15 44 44 44 

0.25 

85 

10 


0.50 

58 



0.75 

33 



1.00 

21 


44 15 44 44 <4 

0.50 

66 

7 


1.00 

54 



1.50 

23 



2.00 

14 


4 . ^ .4 44 44 

0.50 

78 

6 


1.00 

59 



1.50 

29 



2.00 

19 


44 H, 10 44 44 44 

1.00 

65 

4 


2.00 

47 



3.00 

17 



4.00 

9 



* Strepogenin concentrate from Labco vitamin-free casein at the level of 50 mg. 
per tube. 

f A galvanometer reading of 100 represents no growth. 

t The activity index has been obtained by comparing the activity of APF with the 
activity of Lilly’s extract, which has been assigned a value of 100. 

§ Potency of extracts as purchased. 

U Extracts from different pharmaceutical companies. 
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It is evident from the data that there are great differences in the re¬ 
sponse of Lactobacillus cam to these nine liver extracts. The variations 
obtained do not seem to be related to the degree of refinement of the prepa¬ 
ration, since the most active preparation had a concentration of 15 units of 
antipemicious anemia factor per ml., and three of the least active extracts 
had the same concentration. A crude sample (D) had an intermediate 
activity. According to the United States Pharmacopeia XIII (16) the 
U. S. P. unit of antipemicious anemia activity is an amount of product 
which, when administered daily, produces clinical and hematological re¬ 
sponses in Addisonian pernicious anemia as judged by the Advisory Board 
to be satisfactory. Any standardization made with human patients is 
subject to some variation, but it is hardly likely that such wide differences 
in liver extracts would be caused by variations in standardization. There¬ 
fore, it would seem impossible that this APF activity for Lactobacillus casci 
is identical with the factor required in the treatment of pernicious anemia. 
However, there is a strong possibility that Lactobacillus cam requires two 
factors. One of these may be identical with the antipemicious anemia 
factor and the other present in varying amounts in the different liver 
extracts. 

In the study with tomato juice the untreated serum was added to the 
basal medium, and the adsorbed serum was added to the medium alone and 
in combination with liver extract. The results of this study are presented 
in Table III. 

It is evident from the data that there are two factors present in filtered 
tomato juice. One of these is rather easily adsorbed by norit and is prob¬ 
ably the same as the growth-promoting factor (APF) present in liver ex¬ 
tracts. The factor that is not readily adsorbed by charcoal when added 
with liver extract produces a response in Lactobacillus casei that is similar 
to the effect of strepogenin. 

In order to investigate the relationship between the strepogenin concen¬ 
trate from casein and adsorbed tomato juice, a study was made with these 
two preparations with graded levels of liver extracts. The results of this 
study are presented in Table IV. 

The factor that is not adsorbed from tomato juice by norit under these 
conditions has the same growth-promoting activity as the strepogenin con¬ 
centrate made from casein. This would indicate that the substance in 
tomato juice is either identical to strepogenin from casein or very similar 
to it. ' 

Since these studies have been performed, several samples of tomato juice 
have been found to contain considerably less of the “animal protein factor.” 
These cans have been standing on the shelves for several months, and it is 
possible that loss of this activity has occurred, due to instability. There 
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was no difference in this respect between tomato juice canned in metal and 
that canned in glass. 

The results of these studies demonstrate that there are two or possibly 


Tabli III 

Growth Response of Lactobacillus casei to Tomato Juice and Liver Extract 
18 hour incubation. 


Supplement 

Level 

Galvan¬ 

ometer 

read¬ 

ing* 

Supplement 

Level 

Galvan¬ 

ometer 

read¬ 

ing* 


ml. t , 



ml. 


None 


100 

Tomato juice, Sample B 

4 

90 


■ 


(adsorbed) 



Tomato juice, Sample At 

1 

25 

APF (0.5 unit) 4- tomato 

1 

17 


2 

9 

juice, Sample B (ad- 

2 

10 


3 

9 

sorbed) 

3 

8 

“ 14 “ B 

1 

22 

Tomato juice, Sample G 

4 

83 

* 

2 

13 

(adsorbed) 




3 

9 

APF (0.5 unit) + tomato 

1 

18 

. C 

1 

20 

juice, Sample C (ad- 

2 

10 


2 

9 

sorbed) 

3 

8 


3 

8 




D 

! 1 

37 

Tomato juice, Sample D 

4 

91 


2 

23 

(adsorbed) 




! 3 

17 

APF (0.5 unit) 4- tomato 

1 

17 


4 

7 

juice, Sample D (ad¬ 

2 

11 




sorbed) 

3 

9 

<< << << £ 

1 

23 

Tomato juice, Sample E 

4 

94 


2 

10 

(adsorbed) 




3 

8 

APF (0.5 unit) 4- tomato 

1 

31 


unit 


juice, Sample E (ad¬ 

2 

18 

APF* 

0.5 

90 

sorbed) 

3 

9 


ml. 





Tomato juice, Sample A (ad¬ 

4 

97 




sorbed)! 






APF (0.5 unit) + tomato 

1 

29 




juice, Sample A (adsorbed) j 

2 

9 




i 

3 

8 





* A galvanometer reading of 100 represents no growth, 
f Filtered tomato juice of five different brands. 

115 units per ml. of Lilly’s liver extract. 

S Serum adsorbed i hour with norit (5 gm. per 200 ml.). 

three unidentified factors necessary for the growth of Lactobacillus casei. 
One of these is strepogenin and the other is a factor or factors associated 
with animal proteins and found in high concentration in certain liver ex- 
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tracts used for the treatment of pernicious anemia. In the work of Sprince 
and Woolley (8) with Lactobacillus casei the casein hydrolysate used in the 
basal medium may have contained sufficient APF activity for the organism. 
On the other hand, it is possible that their trypsin-digested strepogenin 
concentrates supplied this activity, since we have found trypsin to be an 
excellent source of APF. It is possible that the factors of Cheldelin and 
Riggs (1), Grossowicz (6), and Kuiken et al. (3) are the same as the liver 
factors reported here. There is little doubt that the factors required by 
Lactobacillus ladis Domer, as described by Shorb (4, 5), are identical with 
strepogenin and APF. The question of whether each of these activities is. 


Table IV 

Comparison of Strepogenin Concentrate from Casein and Adsorbed Tomato Juice As 
Growth Factor for Lactobacillus casei 


Supplement 

Level 

Galvanometer 

reading* 

None 


100 

APFf 

0.4 unit 

90 

Tomato juice (adsorbed)J 

4 ml. 

96 

Strepogenin concentrate} 

50 mg. 

96 

“ “ (50 mg.) 4- APF 

0.1 unit 

41 


0.2 “ 

24 


0.3 “ 

19 


0.4 “ 

15 

Tomato juice (adsorbed) (4 ml.) + APF 

0.1 11 

49 


0.2 “ 

26 


0.3 14 

18 


0.4 44 

12 


* A galvanometer reading of 100 represents no growth. 

115 units per ml. of Lilly’s liver extract. 

t Tomato juice serum adsorbed \ hour with norit (5 gm. per 200 ml.). 

§ Strepogenin concentrate from Labco vitamin-free casein. 

represented by a single factor is not known. This problem is now under 
investigation in this laboratory. 

SUMMARY 

Studies have been conducted showing that Lactobacillus casei requires a 
factor or factors (APF) present in antipernicious anemia liver extracts, in 
addition to strepogenin, for maximum growth. Wide variations were found 
in the amount of factor (or factors) present in liver extracts, which is not 
attributable to differences in their antipernicious anemia activity. These 
differences may result from the presence of the growth factor as a contam- 
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inant of the antipemicious anemia preparations, or from the existence of 
two factors in varying amounts in the several liver extracts. 

Tomato juice, shortly after the canning season, contained all of the 
unidentified growth factors for Lactobacillus casei in rather large amounts. 
Adsorption of tomato juice by norit removed the APF activity, but did not 
alter the strepogenin activity which was recovered in the filtrate. The 
APF activity in tomato juice decreased as the age of the canned product 
increased, whereas the strepogenin activity of the tomato juice was unal¬ 
tered. 

The authors wish to thank Dx t - A. Lee Caldwell of Eli Lilly and Company, 
Indianapolis, Indiana, for supplying a quantity of liver extract. 
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THE SYNTHESIS OF PROTEIN BY NON-PROLIFERATING 
ESCHERICHIA COLI 


By JACKLYN B. MELCHIOR, MARGARET MELLODY, and IRVING M. KLOTZ 
{From the Department of Chemistry , Northwestern University , Evanston) 

(Received for publication, January 24, 1948) 

Within the last year several investigations on the uptake of labeled 
amino acids by the proteins of tissue slices have been described in the litera¬ 
ture. This incorporation has been used to indicate the synthesis of new 
protein, and the technique developed has made it possible to study the 
effects of various conditions and substances on the synthesis of peptide 
bonds. Thus Melchior and Tarver (1) have followed the uptake of radio¬ 
sulfur, introduced in the form of methionine labeled with S 86 , by liver slices, 
and have found that the incorporation into protein is abolished by homog¬ 
enizing the tissue. This has been verified in intestinal sections by Win- 
nick, Greenberg, and Friedberg (2), who have shown further that azide ion 
is inhibitory. Frantz, Loftfield, and Miller (3), in turn, have demonstrated 
that protein synthesis in liver slices requires the presence of oxygen. 

One disadvantage to the use of tissue slices is the considerable spread of 
results usually observed, due to differences between individual slices. Fur¬ 
thermore, in the use of methionine to measure protein synthesis in liver, 
the procedure is complicated by the rapid production of labeled cystine or 
cysteine by the tissue (1). The use of bacteria has suggested itself as a 
means of overcoming the first difficulty, since the presence of several billions 
of organisms would tend to minimize individual variations. Since it has 
been found, in addition, that non-proliferating Escherichia coli converts less 
than 3 per cent of the labeled methionine to cystine or cysteine, and none, 
within experimental error, to sulfate, the use of microorganisms has seemed 
especially promising for studying the synthesis of peptide bonds as isolated 
from the more complex process of growth. 

EXPERIMENTAL 

The Escherichia coli cells used in these experiments were grown for 18 
hours on Bacto-nutrient agar. They were washed off the agar slants with 
normal saline, washed three times with saline at the centrifuge, then resus¬ 
pended in saline, precautions to maintain sterile conditions being observed 
throughout. The suspensions were pipetted into centrifuge tubes contain¬ 
ing the labeled methionine and the other substances being investigated, 
and the tubes were incubated for 6 hours at 37°. Turbidity was measured* 
at the beginning and end of each experiment by a Hellige-Diller photo- 
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electric colorimeter. The original transmission of light was usually be¬ 
tween 60 and 70 per cent and there was generally an increase of 2 to 3 per 
cent during the incubation; i.e ., the number of cells present always de¬ 
creased during these experiments. No attempt was made to keep the 
original turbidity constant in different experiments, since controls were 
run with each experiment. The suspensions contained about 15 mg. of 
dry weight of bacteria. 

At the end of the experiment the tubes were heated to 100° for 20 min¬ 
utes. The coagulated cells were centrifuged and washed four times with 
an acetate buffer of pH 5.4. The first wash was permitted to stand over¬ 
night to insure removal of any adsorbed methionine. The preparation of 
samples for analysis has been described by Melchior and Tarver (1). Car¬ 
rier sulfate was added to make a total precipitate of 0.026 mM. The radio¬ 
activity was determined with a Lauritsen electroscope modified in the 
manner described by Henriques, Kistiakowsky, Margnetti, and Schneider 
(4). 

The penicillin C» was a purified sample with a potency of 1630 units per 
mg. 


RESULTS AND DISCUSSION 

It has been found that a suspension of Escherichia coli incubated with 
labeled methionine incorporates a small but significant amount of 
the labeled sulfur into the bacterial proteins. A typical experiment is 
shown in Table I. The number of bacteria present is expressed as 100 
minus per cent transmission of light, which is directly proportional to the 
turbidity. About 0.7 per cent of the original activity is found present in 
the proteins, although there is a net decrease in turbidity and hence in the 
number of microorganisms. 

It was necessary at the outset to make certain that the uptake of labeled 
sulfur represents a true synthesis of protein rather than an adsorption 
phenomenon. Hence one of the bacterial,suspensions was transferred to a 
dialysis bag at the end of the incubation and dialyzed for 42 hours against 
running tap water. A control sample was handled as described above. 
The results of this experiment are recorded in Table II. Though there was 
a decrease in the labeling of the bacteria upon dialysis, the major portion 
of the activity was not dialyzable. Furthermore, heating the bacteria to 
100° completely stops the uptake of radioactivity by the protein. The 
reaction is also stopped by small amounts of certain inhibitors, as will be 
described later. Hence the uptake of activity by the bacteria is an enzy¬ 
matic process whereby the amino acid methionine is firmly attached to large 
molecules, and this technique can be used as a measure of the amount of 
protein synthesis occurring during the experiment. 
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Effect of Asparagine , Glucose , and Glycine —The control samples in Table 
III show that less than 1 per cent of the methionine added as a substrate 
was incorporated into protein by the resting bacteria. Various substances, 
including nitrogen, phosphorus, and carbon sources, were added, therefore, 
in an attempt to increase the synthesis. Asparagine, which is a growth 
factor of Escherichia coli , was found to cause a definite increase in the incor¬ 
poration of methionine. That this effect is not simply due to the addition 
of a carbon or nitrogen source is shown by the observation that glycine 

Table I 

Uptake of Methionine by Non-Proliferating Bacteria 
Washed Escherichia coli suspended in60 ml. of saline. Incubated 6 hours at 37 p . 
4.0 micromoles of labeled methionine added. 


Original turbidity* 

i 

Final turbidity* 

Labeled S found in proteins 

! 


micromoles X 10 * 

44 

37 

2.9 

44.6 

37.5 

2.9 


* 100 minus per cent transmission of light. 


Table II 

Test of Enzymatic Nature of Uptake 

Washed Escherichia coli suspended in 50 ml. of saline containing 200 mg. per cent 
of asparagine. Incubated 6 hours at 37°. 


Conditions 

Labeled methionine 
added 

Labeled S found in 
proteins 

Control. 

micromoles 

9.4 

micromoles X 10 * 

5.8 

Dialyzed 42 hrs. 

9.4 

4.4 

Control. 

3.0 

4.1 

Boiled before incubation. 

3.0 

0.0 


causes a much smaller increase. Glucose not only failed to increase protein 
synthesis, but caused a definite decrease of about 40 per cent. Thus glu¬ 
cose alone does not support protein synthesis; in fact, when the cells are 
metabolizing glucose there is a decrease in the production of protein. These 
data are not sufficiently complete to attribute the stimulation exhibited by 
asparagine to a specific effect of the growth factor, but it is apparently not 
due simply to its carbon or nitrogen content. 

Effect of Azide , Cyanide , and Fluoride —As is recorded in Table IV, azide, 
cyanide, and fluoride ions markedly inhibit protein synthesis in our system. 
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Aside and cyanide are known to inhibit enzymes containing iron porphyrin 
groups such as cytochrome oxidase and catalase. It is pertinent to point 
out that Frantz, Loftfield, and Miller (3) have found that protein synthesis 

Table III 


Effect of Asparagine, Glycine, and Glucose 
Washed Escherichia coli suspended in 50 ml. of saline. Incubated 6 hours at 37°. 


Additions 

Labeled methionine 
added 

Labeled S found in 
proteins 

None. 

micromoles 

4.0 

4.0 

4.0 

4.0 

micromoles X 10* 

2.9 

2.9 

4.1 

4.3 

u 

100 mg. asparagine. 

100 " “ . 

None. 

4.0 

2.2 

100 mg. asparagine. 

4.0 

2.9 

100 “ “ . 

4.0 

3.2 

100 " glucose. 

4.0 

1.4 

100 “ “ . 

4.0 

1.3 

100 “ glycine. 

4.0 

2.5 

100 “ “ . 

4.0 

2.4 

None. 

5.4 

1.5 

100 mg. glucose. 

5.4 

0.9 

100 “ asparagine. 

5.4 

2.8 


Table IV 
Effect of Inhibitors 

Washed Escherichia coli suspended in 50 ml. of saline containing 200 mg. percent 
of asparagine. Incubated 6 hours at 37°. 2.2 micromoles of labeled methionine 
added. 


Inhibitor 

Labeled S 
found 
in proteins 

Inhibitor 

Labeled S 
found 
in proteins 

None 

micromoles 
X10 * 

1.3 

6.7 X 1 r* m NaCN 

micromoles 

xm 

0.0 

<< 

1.3 

6.7 X 10“* " “ 

0.1 

5 X 10-* u NaN* 

0.0 

0.1 m m NaF 

0.0 

5 X 10-* “ “ 

0.1 

0.1 M “ “ 

0.1 


in liver is dependent upon a supply of oxygen, and thus it is possible that 
the synthesis of peptide bonds is directly coupled with an energy-yielding 
oxidation. Iipmann (5) has suggested that the energy for protein synthe- 
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sis may be supplied by adenoBine triphosphate (ATP), as has proved to be 
the case in many other endergonic biosyntheses (5-7). Thus ATP may 
react to form an amino acid phosphate and adenosine diphosphate (ADP), 
and the amino acid phosphate may then couple with another amino acid 
to form a peptide and HjPCh, the net reaction being 

ATP + 2 amino acid — ADP + HtPO, + dipeptide 

Since the hydrolysis of ATP is accompanied by a free energy change 
of about —12,000 calories per mole and the energy required for the synthesis 
of a peptide bond is probably around 3000 calories per mole (8), such a 
mechanism would provide the necessary drive for the synthesis of protein. 
In fact, Borsook and Dubnoff (9) have presented evidence that such a 
mechanism is responsible for the biosynthesis of the peptide hippuric acid 
by liver homogenates. 

We have observed that 10~* m ATP causes a small increase in protein 
synthesis in our system, but the results were not outside of experimental 
error. However, the inhibition by azide and cyanide is support for this 
mechanism. In line with this point of view one may attribute the inhibi¬ 
tion exhibited by glucose to the large excess of glucose acting as a phosphate 
acceptor and thereby draining the supply of high energy phosphates. 
Such would be the case if glucose were being converted to glycogen rather 
than undergoing oxidation to pyruvate. Certainly this aspect of protein 
synthesis is worthy of further investigation. 

Fluoride usually inhibits enzymes which are activated by calcium or mag¬ 
nesium. The inhibition exhibited by this substance calls attention to the 
fact that when the Escherichia coli cells are washed and resuspended in 
saline the salt content is probably decreased below normal by diffusion into 
the medium. It would be of interest to examine the effects of various im¬ 
portant salts on the synthesis of protein. 

Effect of Penicillin G —Penicillin G was found to have a marked effect 
on the growth of heavy suspensions of Escherichia coli in a complete syn¬ 
thetic medium (10). Typical growth curves are shown in Fig. 1. In the 
presence of penicillin, after a slight initial growth there is a marked decrease 
in the number of cells present. The dotted line shows the “growth” curve 
for a saline suspension with or without penicillin. The striking effect of 
penicillin on the number of bacteria was not detected in the non-growing 
system. 

Table V shows the effect of penicillin on protein synthesis. A small and 
barely significant decrease, of the order of 12 per cent, was observed in the 
uptake of methionine. These results indicate that penicillin must exert 
its effect on some aspect of growth other than protein synthesis, at least as 
indicated by the incorporation of methionine. 
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Effect of Sulfanilamide —In a heavy suspension such as was used in this 
work, it was difficult to demonstrate any effect of sulfanilamide on growth. 
Furthermore it must be considered that methionine is one of the substances 
which antagonizes sulfanilamide. Fig. 2 shows that 300 mg. per cent of 
sulfanilamide will inhibit the growth of such a suspension, although not 
completely, and that methionine in the concentration used partially re¬ 
verses this effect. As is illustrated by Table VI, 300 mg. per cent of sul¬ 
fanilamide cause a roughly equivalent inhibition of protein synthesis in 
the non-growing bacteria of between 20 and 40 per cent, an amount suffi¬ 
cient to account for its effectiveness as a bacteriostatic agent under these 
conditions. 



Fig. 1 . Effect of crystalline penicillin G on the growth of Escherichia coli in a 
nutrient medium. The dotted line shows “growth” in saline suspension, with or 
without penicillin . 

Fig. 2. Effect of sulfanilamide and of methionine + sulfanilamide on the growth 

of Escherichia coli in a nutrient medium. 

* 

If this is the mechanism of action of sulfanilamide, however, p-amino- 
benzoic acid (PAB) should reverse the inhibition of protein synthesis, since 
it causes a complete reversal of the effect of sulfanilamide on growth in the 
complete nutrient medium. For example, C mg. per cent of PAB added to 
the sulfanilamide-inhibited culture in Fig. 2 give a curve closely following 
the normal control. However, PAB in these concentrations in the saline 
suspensions proved to exert a definite inhibition on the synthesis of pro¬ 
tein, and when added simultaneously with sulfanilamide, the inhibition of 
protein synthesis was much greater than with sulfanilamide alone. 

A similar result has been reported by Clifton and Loewinger (11), who 
have found that the oxygen uptake of washed Escherichia coli in the pres- 
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ence of glucose or amino acids is inhibited by sulfanilamide. They were 
unable to reverse this effect with PAB, and report in fact that PAB was 
inhibitory itself. 

Thus the inability of PAB to reverse the effect of sulfanilamide on protein 
synthesis would indicate, at first glance, that this step is not the one which 


Table V 

Effect of Penicillin on Protein Synthesis 
Preparation as in Table IV. 4.0 micromoles of labeled methionine added. 


Inhibitor 


Labeled S found in proteins 


None 

<< 


10 mg. penicillin 
10 “ 


micromoles X JO* 
2.9 

3.2 

2.3 
2.6 


Table VI 

Effect of Sulfanilamide and p-Aminobenzoic Acid 


Additions 


None. 


300 mg. % sulfanilamide. 
300 “ % 


None. 


300 mg. % sulfanilamide. . 


/o 

300 “ % 
300 “ % 


*+• 6 mg. % PAB. 
+ 6 “ % “ . 


None. 

a 

6 mg. % PAB 
6 “ % “ 


Labeled methionine 
added 

Labeled S found in 
proteins 

micromoles 

micromoles X 10* 

8.6 

3.6 

8.6 

3.9 

8.6 

2.2 

8.6 

2.0 

5.4 

2.4 

5.4 

2.2 

5.4 

2.0 

5.4 

1.8 

5.4 

. 1.0 

5.4 

0.8 

5.7 

4.0 

5.7 

3.3 

5.7 

1.7 

5.7 

2.2 


the sulfonamides block in the growth process. However, it is necessary to 
recognize the difference between non-proliferating washed cells in a saline 
suspension and the growing microorganisms in a nutrient medium. In the 
latter situation, PAB is probably converted to another metabolite, such as 
a pteroic acid derivative, in which form it counteracts the effect of the sul- 























88 


SYNTHESIS OF PROTEIN BY E. COLI 


fonamide. The saline suspensions may be unable to convert it to the re¬ 
quired metabolite, and it is possible that PAB is itself inhibitory. Until the 
r61e of PAB is clarified, it is not possible to say that the inhibition of protein 
synthesis exhibited by sulfanilamide is also the essential step in its bacterio¬ 
static action. 


SUMMARY 

It has been demonstrated that washed cells of Escherichia coli incorporate 
methionine labeled with S* 6 into non-dialyzable molecules by an enzymatic 
reaction. This synthesis of protein occurs despite a net decrease in the 
number of cells present. 

The growth factor asparagine has been shown to increase the synthesis. 
Glycine exhibits a much smaller increase, and glucose causes a definite 
inhibition. 

Azide, cyanide, and fluoride inhibit protein synthesis markedly. 

Penicillin G show's a very small inhibition, insufficient to explain its 
striking effect on the grow'th of Escherichia coli at corresponding concentra¬ 
tions. 

Sulfanilamide causes an inhibition of protein synthesis in this system to 
a degree approximately equal to its effect on growth. However, the addi¬ 
tion of p-aminobenzoic acid does not reverse the inhibition of protein syn¬ 
thesis in saline suspensions contrary to its effect on growth in nutrient 
media. In fact, p-aminobenzoic acid is itself inhibitory to protein synthesis 
in the non-grow r ing system. 

We are indebted to Dr. Harold Tarver for the labeled methionine used in 
this investigation, and to Dr. D. W. MacCorquodale of the Abbott Labora¬ 
tories for a gift of the penicillin G. 

This investigation w r as supported in part by a grant from the Office of 
Naval Research. 
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THE PANTOTHENIC ACID CONTENT OF COENZYME A 
BY CHICK ASSAY* 
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of Biological Chemistry , Harvard Medical School , and the Biochemical 
Research Laboratory , Massachusetts General Hospital , Boston) 

(Received for publication, February 3, 1948) 

Lipmann, Kaplan, Novelli, Tuttle, and Guirard (1) reported that, 
whereas concentrates of the cocnzyme required for acetylation (coenzyme 
A) showed no pantothenic acid activity by the ordinary microbiological 
assay, considerable amounts of /3-alanine were found after acid hydrolysis. 
From this early observation, it was suspected that the coenzyme might con¬ 
tain combined pantothenic acid which was unavailable to Lactobacillus 
cqsei. If such were the case, it seemed likely that chicks or other animals 
would be able to utilize this pantothenic acid; the animal would presumably 
have the mechanism for both the decomposition to, and the synthesis from, 
the constituent parts. An early trial yielded promising results, but, before 
sufficient material was available for adequate study, the above authors 
clearly demonstrated by other means that pantothenic acid was a constit¬ 
uent of the coenzyme (1). 

Lipmann, Kaplan, and Novelli (2) have shown that the pantothenic acid 
appears to be bound by two linkages, one of which is to phosphate, as is 
indicated by the activity of phosphodiesterase in liberating phosphate with 
simultaneous loss of coenzyme activity. Both linkages are essential for 
activity and both must be split before the pantothenic acid becomes “free” 
when tested by microbiological assay. This is accomplished by intestinal 
phosphatase and a pigeon liver enzyme together. 

It was of considerable interest therefore to determine the availability of 
the pantothenic acid in coenzyme preparations for the chick, since it now 
appears that much of the pantothenic acid in certain foods is present as the 
coenzyme. We have compared the potency of two preparations when 
administered both orally and intraperitoneally. For comparative purpose 
the activity of calcium pantothenate given by these two routes was deter¬ 
mined. 


EXPERIMENTAL 

Day-old white Leghorn cockerels were used in all of these studies. They 
were fed a commercial chick mash for 4 days and then given a purified diet 
low in pantothenic acid. This diet was the same as that used by Hegsted 

* Supported in part by a grants-in-aid from the Nutrition Foundation, Inc., and 
the Commonwealth Fund. 



PANTOTHENIC ACID CONTENT OP COENZYME A 


and Perry (3) with the single exception that only 5 per cent of com oil was 
added rather than 10 per cent. After 4 or 5 days, when growth had ceased 
in most of the chicks, they were divided into comparable groups containing 
five chicks each and given daily supplements as indicated below. Oral 
doses were introduced directly into the crop with a graduated pipette. 

Calcium pantothenate solutions were made freshly every 4 or 5 days in 
water to contain 100 y of calcium pantothenate per ml. Coenzyme solu¬ 
tions were made every 2nd day to equal this pantothenic acid concentration 
according to the results of microbiological assay, sufficient NaHCO* being 
added to cause complete solution. All solutions were kept in the refrig¬ 
erator. 

Of the three assays reported, Assay 1 was completed in 10 days and 
Assay 2 and Assay 3 in 8 days. The gain in weight for each chick during 
this period was calculated by averaging the weights of each chick for the 
last 3 days of the study and subtracting the original weight. This gives 
somewhat more consistent results than simply using the weight found on the 
last day, since daily gains are usually erratic. 

The chicks which received oral doses of calcium pantothenate were con¬ 
sidered to be the standard to which results with other supplements were 
compared. # A smooth curve was drawn through the mean weight of 
these groups and the relative pantothenic acid activity of the other supple¬ 
ments read from this curve. 

Two coenzyme preparations were tested. Preparation 1 contained 23 y 
of pantothenic acid by microbiological assay and 35 units of coenzyme 
activity per mg. (4). This was approximately 3 times as potent as Prep¬ 
aration 2 which was found to contain 8.2 y of pantothenic acid and 14 units 
of coenzyme activity per mg. Neither preparation contained free panto¬ 
thenic acid for Lactobacillus casei. 


Remits 

The data from three assays in which the coenzyme preparations and cal¬ 
cium pantothenate were compared by two methods of administration are 
shown in Table I. The results may be briefly summarized. The adminis¬ 
tration of coenzyme intraperitoneally resulted in the gains expected from 
the pantothenic acid content determined by microbiological assay; that is, 
the chick assay agreed with the microbiological assay and apparently all of 
the pantothenic acid was available to the chick. 

In parallel experiments the oral doses yielded considerably smaller gains 
than were expected, indicating that the chicks were able to utilize only from 
43 to 85 per cent of the pantothenic acid in the coenzyme preparations. 
The over-all mean of the test groups shows only 61 per cent activity by oral 
administration compared to 99 per cent by injection. 

A similar mean of all the groups given calcium pantothenate by injection 
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shows an average of 96 per cent activity compared to calcium pantothenate 
given orally. It thus appears that calcium pantothenate is equally active 

Tabus I 


Comparative Potency of Pantothenic Acid and Coenzyme A by Two Methods 

of Administration 


Assay No. 

! 

Dietary supplement 

Method of 
administration 

Daily 

dose 

Panto¬ 

thenic 

acid 

equiva¬ 

lent* 

Gain 

in 

weight 

Pantothenic acid 
determined 

In 

daily 

dose 

Per cent 
of 

expected 






y 

y 

gm. 

y 



1 (10 days) 

Calcium pantothenate 

Oral 

0 

0.0 

7.6 





u 

ii , 


tt 

25 

21.2 

22.1 





tt 

tt 


tt 

50 

42.4 

31.1 





tt 

ii 


tt 

100 

84.9 

44.5 









mg. 







Coenzyme Preparation 1 

* ft 

i 

23.0 

17.7 

13.0 

56' 

70 


n 

ii 

1 

ii 

2 

46.0 

29.7 

39.0 

85J 



<< 

tt 

1 

Intraperi- 

1 

23.0 

22.8 

23.0 

100 






toneal 

y 






2 (8 days) 

Calcium pantothenate 

Oral 

25 

21.2 

18.0 





a 

n 


tt 

50 

42.4 

29.0 




1 

n 

ii 


tt 

100 

84.9 

47.0 





it 

ii 


Intraperi - 

25 

21.2 

19.5 

24.0 

1131 


j 




toneal 


■ 






n 

tt 


tt 

50 

42.4 

22.3 

32.0 

75 

r ©o 


u 

n 


tt 

100 

84.9 

37.7 

65.0 

77 


3 (8 days) 

a 

tt 


Oral 

0 


4.0 





11 

tt 


tt 

25 

21.2 

j 19.0 





ii 

a 


tt 

50 

42.4 

29.0 





it 

a 


tt 

100 

84.9 

47.0 





tt 

n 


Intraperi- 

25 

21.2 

16.0 

16.0 

76] 






toneal 





1 

1 

jl08 


it 

tt 


ii 

50 

42.2 

36.0 

60.0 

141J 






| 

Mg. 







Coenzyme Preparation 2 

Oral 

2.61 

21.2 

14.0 

13.0 

6ll 



ii 

a 

2 

tt 

5.22 

42.4 

17.0 

18.0 

43! 

f 06 

| 

ii 

tt 

2 

Intraperi - 

2.61 

21.2 

20.0 

| 23.0 

108 






toneal 






98 


tt 

u 

2 

<c 

5.22 

42.4 

27.0 

38.0 

90 



* Calculated for calcium pantothenate; as determined by microbiological assay 
for the coenzyme preparations. 


by either route of administration and that the low activity of the coenzyme 
preparation when given orally results from a failure of absorption from 
one cause or another. Since the activity of injected coenzyme is accounted 
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for by its pantothenic acid content, it is unlikely that the coenzyme is 
utilized as such without prior hydrolysis. 

DISCUSSION 

The data show that without any previous treatment, coenzyme A, when 
given intraperitoneally, is utilized in place of, or as well as, free pantothenic 
acid. When given orally, a somewhat less complete utilization was ob¬ 
served, amounting to about two-thirds of the theoretical pantothenic acid 
value. The present data thus confirm, qualitatively and quantitatively, 
earlier data obtained on the pantothenic acid content in coenzyme A prep¬ 
aration. 

The data reported, furthermore, explain observed discrepancies between 
the chick and microbiological tests for pantothenic acid. It has been known 
for some time that various materials, particularly yeast, liver, and other 
animal organs, yielded higher pantothenic acid values by the chick than 
by the microbiological assay (5, 6). As reported elsewhere, the pantothenic 
acid in all living cells is bound to a large extent as coenzyme. It is liberated 
incompletely, but to a varying extent, by autolysis and the older methods 
of enzymatic hydrolysis for microbiological assay. The earlier micro¬ 
biological values must, therefore, be considered as distinctly too low. Chick 
assays more nearly reflect the true pantothenic acid content, but may be 
expected to be somewhat low, depending upon the availability and the 
amount of coenzyme present. As is the case with several of the vitamins 
and minerals, the question of availability to the animal must be considered 
as well as the total pantothenic acid content. 

SUMMARY 

Chick assays for the pantothenic acid content of coenzyme A showed that 
when given intraperitoneally it was as active as free pantothenic acid, and 
the chick assay agreed with the improved microbiological assay in which 
phosphatase and liver enzyme are utilized to liberate the pantothenic acid. 
By oral administration, however, an average of only 61 per cent of the 
theoretical activity was found. Pantothenic acid itself was equally active 
by either method of administration. 
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OBSERVATIONS ON BLOOD ACETOL AFTER ADMINISTRATION 
OF ACETOL, METHYL ALCOHOL, AND FORMALDEHYDE 

TO RABBITS 

Bt W. MORTON GRANT 

(From the Howe Laboratory of Ophthalmology , Harvard Medical School, Boston) 
(Received for publication, February 3,1948) 

The possibility that acetol (acetylcarbinol) might be formed in methyl 
alcohol poisoning by the reaction of pyruvic acid and formaldehyde is 
suggested by the biological formation of the higher analogues, acetyl- 
methylcarbinol (acetoin) and acetylethylcarbinol, by the reaction of py¬ 
ruvic acid with acetaldehyde and propionaldehyde respectively. The 
conversion of acetaldehyde to acetoin has been demonstrated in vivo by 
Stotz, Westerfeld, and Berg (11), and the conversion of propionaldehyde 
to acetylethylcarbinol by a carboxylase preparation from animal heart has 
been established by Berg and Westerfeld (1). 

CHiCOCOOH + HCHO CH,COCH*OH + CO* 

CHiCOCOOH + CHjCHO — CH,COCH(OH)CH, + CO, 
CH.COCOOH + C2H5CHO - CH,COCH(OH)C*H, + CO, 

The biological production of formaldehyde from methyl alcohol has 
been detected by qualitative tests of unstated sensitivity, but the possi¬ 
bility of acetol formation appears not to have been investigated. For¬ 
maldehyde has been reported to occur in methyl alcohol poisoning in 
various organs by Pohl (9), in the vitreous humor and peritoneal fluid by 
Keeser (5), and in blood serum, urine, spinal fluid, and aqueous humor by 
Palmer and Harrop (8). Traces of formaldehyde have been detected in 
incubated mixtures of methyl alcohol with liver by Keeser and Vincke (6) 
and with brain and vitreous humor by Keeser (4). Detection of only 
traces of formaldehyde has in each instance been attributed to a high reac¬ 
tivity of formaldehyde which prevents its persistence and accumulation. 

Observations have previously been made on the effect of administration 
of acetol to animals, but without reference to any relationship to methyl 
alcohol or formaldehyde metabolism. Greer, Witzemann, and Woodyatt 
(3) fed acetol to dogs in doses of 2 gm. per kilo, producing hematuria and 
hemoglobinuria, but not death. Stohr and Muller (10) fed 1 to 2 gm. 
of acetol per kilo to fasting rats, causing elevation of the blood acetol con¬ 
centration to 98 to 225 mg. per cent at the end of 3 hours, but with no 
toxic reaction discernible grossly or by any alteration of liver glycogen, 
alkali reserve, or urine protein content. This low toxicity found for acetol 
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suggests that the formation of this substance in methyl alcohol or formalde¬ 
hyde poisoning would not contribute much to intoxication but might rather 
constitute a detoxication mechanism. 

In the present study the rate at which acetol is removed from the blood 
stream has been determined and measurements have been made of blood 
acetol concentration after administration of methyl alcohol and formalde¬ 
hyde to rabbits. The possible extent of conversion of methyl alcohol and 
formaldehyde to acetol has been estimated from the blood analysis values 
and the reaction rates involved. 

The measurements of blood acetol in the present work have been made 
by a colorimetric method which is more sensitive than the titrimetric 
method employed by Stohr and Muller (10). Their procedure consisted 
of heating blood filtrates with Folin-Wu phosphomolybdie acid reagent to 
give a blue color which was bleached by titration with potassium 
permanganate, requiring 4.4 ml. of 0.01 n oxidizing solution for 1 mg. of 
acetol. It was found on attempting to utilize their procedure that the end¬ 
point was difficult to recognize and that direct application of colorimetry 
was not satisfactory. In the new procedure, a more satisfactory color 
reaction for acetol was obtained with a phosphomolybdic-phosphotungstic 
reagent. To eliminate most of the substances of blood which can interfere 
in this reaction, simple low’ temperature vacuum distillation was employed 
prior to analysis. 

Method for Detennimtion of Acetol in Blood 

Heparinized blood is deproteinized by mixing 1 ml. with 2 ml. of 5 per 
cent sulfosalicylic acid. 1 The mixture is centrifuged and 1 to 2 ml. of the 
supernatant fluid are vacuum-distilled in a simple apparatus which has been 
previously described (2). In this apparatus the sample is allowed to distil 
to dryness at room temperature, condensing at the temperature of dry ice. 
It is convenient to permit several samples to distil simultaneously over¬ 
night. 

For colorimetric determination of acetol in the distillate, the chromogenie 
reagent is prepared by dissolving 26 gm. of phosphomolybdie acid and 2 gm, 
of phosphotungstic acid in sufficient water at room temperature to give a 
volume of 80 ml., and then adding 10 ml. of concentrated hydrochloric acid 
and 10 ml. of 85 per cent phosphoric acid, followed by removal of any in¬ 
soluble material by centrifuging. Color is developed by heating together 
1 ml. of blood distillate and 1 ml. of chromogenic reagent on a boiling water 
bath for 15 minutes and then adding immediately 2 ml. of saturated sodium 

1 If simultaneous distillation and measurement of formaldehyde and formic acid 
are desired, the sulfosalicylic acid solution should contain 0.2 m sulfuric acid, which 
does not influence determination of acetol. 
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carbonate solution. The blue color produced by acetol is measured photo- 
electrically with an appropriate filter. 

The colorimeter calibration curve for known amounts of acetol is deter¬ 
mined by means of a series of standard solutions containing 0 to 20 y of 
acetol 2 per ml. of water. The standards are allowed to react with the 
chromogenic reagent and are alkalinized with sodium carbonate in the same 
manner as the blood distillates. By using a Cenco photelometer with its 
red filter, a straight line relationship is obtained between the logarithm 
of the galvanometer reading and acetol concentration, as shown in Fig. 1. 



ACETOL, MICROGRAMS PER MILLILITER 
Fig. 1 . Calibration curve for acetol determination 

The efficiency of the recovery of acetol from blood by this method was 
estimated by measurements on blood to which known amounts of acetol 
had been added. When 10, 100, and 1000 y of acetol per ml. had been 
added, 90, 90, and 93.5 per cent respectively were recovered. In the calcu¬ 
lation of these recovery values, a correction was made for the volumetric 
change resulting from the removal of the non-volatile components of blood 
and for the acetol blank for normal blood, which in a series of determina¬ 
tions on normal rabbits averaged the equivalent of 2.2 y of acetol per ml. 8 

The possibility of interference in acetol determination from methyl alco¬ 
hol or its oxidation products was eliminated by ascertaining that 5 mg. of 
methyl alcohol, 10 y of formaldehyde, and 1 mg. of formic acid, singly and 

1 The acetol used in this investigation was prepared by the method of Levene and 
Walti (7). 

* The blank value obtained if the distillation procedure was omitted was equivalent 
to 250 y pf acetol per ml. 
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collectively, gave no appreciable color in the acetol analysis; nor did they 
influence the recovery of 10 7 of acetol. 

EXPERIMENTAL 

Determination of Blood Acetol Curves — Rabbits were injected in¬ 
travenously with a 10 per cent solution of acetol in water and heart blood 
samples were taken at intervals. The data obtained by analysis of samples 



Fig. 2. Decline of acetol concentration in blood of rabbits 


Table I 

Blood Acetol Values before and after Administration of Methyl Alcohol to Rabbits 


Amount of methyl 
alcohol 

Time after injec¬ 
tion 

Blood acetol concentration 


min. 

y per ml. 

y per ml. 

y per ml. 

2 gm. per kilo 

0 (Blank) 

2.5 (Rabbit A) 

0.3 (Rabbit B) 


intrave- j 

30 

1.2 “ “ 

2.8 “ “ 


nously 

90 

3.0 “ “ 

4.2 “ “ 


4 gm. per kilo, 

0 (Blank) 

0.6 “ C 

4.0 “ D 

1.8 (Rabbit E) 

intraperi- 

210 

4.0 11 “ 

2.1 “ 


toneally 

270 



7.2 “ “ 


300 

4.2 “ lt 

4.5 “ « 



420 

2.8 “ “ 

2.1 “ “ 



from two rabbits which received 100 mg. of acetol per kilo are given in Fig. 
2. It appears from these data that the blood concentration decreases ex¬ 
ponentially with time and that the half life of acetol in the blood stream is 
approximately 30 minutes. The same characteristics were observed when 
the initial dose was reduced to approximately 40 mg. per kilo. 

Determination of Blood Acetol following Methyl Alcohol Administration —- 
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Methyl alcohol diluted with an equal volume of water was injected in a 
single sublethal dose either intravenously or intraperitoneally into five 
rabbits. The results of blood acetol determinations before and at various 
periods after injection are given in Table I. 

Determination of Blood Acetol following Formaldehyde Administration —A 
solution of 5 mg. of formaldehyde per ml. of water was injected intrave¬ 
nously in rabbits at various constant rates for varying periods of time. The 
rates and times were established by previous observations to approach maxi¬ 
mum sublethal dose conditions. In nine out of ten instances the animals 
survived, although some manifested severe temporary intoxication. 
Values found for blood acetol after administration of formaldehyde under 

Table II 


Blood Acetol Values during Intravenous Infusion of Formaldehyde 


Infusion rate 

Duration of infusion 

Blood acetol concentration 

Experimental 

Corresponding blank 

mg. per kg. per min. 

min. 

7 per ml. 

7 per ml. 

1.08 

62 

2.4 

2.4 

1.26 

106 

1.5 

1.5 

1.59 

50 

7.2 

2.1 

1.64 

86 | 

7.8 

1.8 

1.68 

159 

1.8 

1.8 

1.77 

60 

1.2 

3.2 

1.81 

101 

0.9 

2.1 

1.92 

9 

0.0 

3.2 

1.93 

44 

3.9 

2.6 

2.65 (Died) 

21 

2.4 

2.4 

Average. 

2.9 

2.3 


these conditions are given in Table II along with the value for the blank 
blood from each rabbit for comparison. 

DISCUSSION 

The average values obtained for acetol in the blood of rabbits poisoned 
with methyl alcohol and formaldehyde in near lethal quantities exceed but 
slightly the average blank values for these animals. Furthermore, the 
variation in acetol concentration observed in the individual animals makes 
it unlikely that this small difference in the averages is significant. What 
this difference, if real, might mean with respect to the possible extent of 
acetol formation from methyl alcohol or formaldehyde may be estimated 
from the relative rates of disappearance of acetol, methyl alcohol, and for- 
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maldehyde. It is readily calculable, by utilizing the measured half life of 
acetol in the blood and the concentrations obtained from injection, that 
an increase in blood acetol of the order of 2 7 per ml. might be produced in 
(50 minutes by the continuous addition of acetol to the blood stream at the 
rate of 40 y per kilo per minute. On the other hand, the theoretical poten¬ 
tial rates of formation of acetol from sublethal amounts of methyl alcohol 
and formaldehyde have been calculated to be approximately 1800 and 4400 
y per kilo per minute, respectively, based on unreported data on the rate of 
disappearance of methyl alcohol and formaldehyde. The questionable in¬ 
crease in average acetol concentration which was observed experimentally 
would, therefore, be equivalent to the conversion to acetol of not more than 
approximately 1 to 2 per cent of the methyl alcohol or formaldehyde in¬ 
jected. 

It may be concluded that formation of acetol from methyl alcohol or 
formaldehyde in the rabbit does not occur to any extent which could be 
considered significant with respect either to an intoxication or a detoxication 
mechanism. 


SUMMARY 

The possibility was investigated that formaldehyde might react in vivo 
with pyruvic acid in a manner analogous to acetaldehyde and propionalde- 
hyde. The concentration of the postulated produel, acetol, was deter¬ 
mined eoloriinetrieally in blood samples by reaction with a mixture of 
phosphotungstic and phosphomolybdic acids after low temperature vacuum 
distillation from blood filtrate. When acetol was injected in well tolerated 
doses of 40 to 100 mg. per kilo intravenously in rabbits, it had a half life 
in the blood stream of 30 minutes and disappeared exponentially with time. 
When sublethal amounts of methyl alcohol or formaldehyde were admin¬ 
istered, not more than 1 to 2 per cent, if any, was converted to acetol. 
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ON THE USE OF THE NEPHRECTOMIZED RAT FOR 
THE STUDY OF RAPID CHANGES IN 
NITROGEN METABOLISM* 


By FRANK L. ENGEL, t E. IRENE PENTZ,t and MILDRED G. ENGELf 

(From the Department of Medicine, Emory University School of Medicine , and the 
Medical Service , Grady Hospital , Atlanta) 

* (Received for publication, January 21, 1948) 

With the exception of some ^recent applications of the isotope technique 
(1), studies concerned with endocrine influences over nitrogen metabolism 
have depended largely on the use of the conventional nitrogen balance tech¬ 
nique or on measurements of tissue nitrogen. While these methods have 
yielded valuable information about over-all changes in nitrogen metabolism, 
they do not offer much opportunity to detect small or transient shifts in 
protein metabolism or to establish time relationships with hormone action 
when the latter are rapid or of brief duration. The importance of being 
able to measure such small and rapid changes in nitrogen metabolism is 
emphasized by recent studies wliich indicate that certain of the hormones 
concerned in nitrogen metabolism, and particularly the adrenal cortical 
hormones, act more rapidly than had been once thought (2). Evidences 
of adrenal cortical activity can be demonstrated as soon as 20 minutes 
following the injection of potent cortical hormone or after administration 
of adrenocorticotropic hormone. By the conventional methods for study¬ 
ing nitrogen metabolism it is not possible to detect the earliest changes 
attendant on hormone action. Furthermore, the 12 to 24 hour urinary 
nitrogen excretion may reflect not only the effects of the hormone itself, 
which may be short lived, but the secondary homeostatic changes as well. 
Accurate collections of urine for less than 12 hours are difficult when small 
animals such as rats are used. In order to obtain more information con¬ 
cerning factors involved in the endocrine control of nitrogen metabolism, 
this investigation of use of the nephrectomized rat for the study of rapid 
changes in nitrogen metabolism was begun. 

Since urea, the end-product of protein catabolism, is freely diffusible 
throughout the body water, measurement of its rate of accumulation in 

* Aided by grantB from the Committee for Research in Endocrinology of the Na¬ 
tional Research Council and the University Center Research Committee of Georgia. 
A preliminary report was made to the Southern Society for Clinioal Research, Jan¬ 
uary 25,1946, at New Orleans, Louisiana. 

f Present address, Department of Medicine, Duke University School of Medicine, 
Durham, North Carolina. 

t Present address, The Wilson Laboratories, Chicago, Dlinois. 
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the blood of the nephrectomized animal should be a direct measure of pro¬ 
tein metabolism, and, indeed, has been so used by several investigators 
(3,4). If the rate of urea formation can be shown to be relatively constant 
from hour to hour, if a sufficiently sensitive method for urea determination is 
used, and if no significant changes in body water occur, it should be possible 
to detect small changes in nitrogen metabolism by this technique. These 
criteria were met in this investigation. It was found that the hourly rate 
of urea formation in the nephrectomized rat remains relatively constant for 
at least 22 hours. Changes in urea nitrogen formation smaller than 1.0 
mg. of nitrogen per 100 gm. of body weight per hour could be detected with 
a high degree of accuracy. By using brief periods of observation, possible 
changes in body water were minimized. 

Methods 

Male albino rats of the Sprague-Dawley strain, weighing from 200 to 
250 gm., were used. The animals were fed Rockland rat chow until the 
time of nephrectomy. Bilateral nephrectonjiies through a lumbar approach 
were performed under pentobarbital in saline. After nephrectomy the rats 
were allowed free access to water but not food. Weight records were kept 
to detect any undue fluctuations not explicable by the overnight fast. The 
animals were operated on in the late afternoon and experimental procedures 
began the following morning, 16 hours postoperatively. The rats were 
kept in an air-conditioned room at 24-27° after nephrectomy. Urea nitro¬ 
gen determinations were carried out in quadruplicate on 0.5 ml. of a 1:50 
tungstate filtrate from 0.2 ml. of tail blood by means of the microphoto¬ 
metric xanthydrol method of Engel and Engel (5). Blood was collected 
at the time of nephrectomy and at the 16th, 19th, and 22nd hours after 
operation. The rats were kept under light pentobarbital anesthesia for 
the blood collections. Changes in urea nitrogen were expressed as mg. of 
urea nitrogen synthesized per 100 gm. of body weight per hour, and calcu¬ 
lated on an assumed equal distribution of urea throughout the total body 
water. The total body water was taken as 63 per cent of the body 
weight (6). 

Results 

Table I summarizes the results of these experiments. 113 rats, in which 
the rate of urea synthesis was determined during the first 16 hours after 
nephrectomy, had a mean rate (with standard error) of 2.95 ± 0.05 mg. of 
N per 100 gm. of body weight per hour. 201 rats, including the above and 
representing the control 3 hour period for all animals studied between July, 
1946, and March, 1947, synthesized urea during the 16th to 19th hours after 
nephrectomy at a rate of 3.02 ± 0.08 mg. of N per 100 gm. of body weight 
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per hour. Comparison of the rates of urea synthesis during three succes¬ 
sive periods, 0 to 16 hours, 16 to 19 hours, and 19 to 22 hours, after nephrec¬ 
tomy shows an equally good correspondence in twenty seven animals, the 
rates being respectively 2.68 ± 0.13, 2.80 db 0.19, and 2.86 ± 0.18 mg. of N 
per 100 gm. of body weight per hour. From these results it is clear that 
under the experimental conditions herein described the rate of urea forma¬ 
tion remains quite constant during the arbitrary periods chosen after 
nephrectomy. This is again demonstrated in the next seven groups of ex¬ 
periments recorded in Table I in which the effects of several substances 

, 4 Table I 


Studies of Nitrogen Metabolism in N ephrectomized Rats 


Series 

No. 

Procedure 

No. 

ol 

Urea N, mg, N per 100 gm. body weight per hr.* 


rats 

0 to 16 hrs. 

16 to 19 hrs. 

19 to 22 hrs. 


1 

* 2 

Control 

<( 

113 

201 

2.95 ±0.05 

3.02 ±0.08 



3 

it 

27 

2.68 ±0.13 

2.80 ±0.19 

2.85 ±0.18 

0.5 

4 

Amigcn (8.4 mg. N per 
100 gm.) 

19 

3.11 ±0.10 

2.99 ±0.32 

4.35 ±0.19 

<0.01 

5 

Vuj-n (10.4 mg. N per 
100 gm.) 

24 

2.90 ±0.12 

3.07 ± 0.23 

4.25 ±0.23 

<0.01 

6 

Cortin (0.4 ml. per 100 
gm.) 

18 

3.07 ±0.10 

2.97 ± 0.21 

3.43 ± 0.26 

0.2 

7 

Cortin (0.8 ml. per 100 
gm.) 

13 

3.04 ±0.18 

2.86 ±0.22 

4.09 ±0.34 

<0.01 

8 

Cortin (1.2 ml. per 100 
gm.) 

12 

3.69 ± 0.16 

2.76 ±0.21 

3.72 ±0.26 

<0.01 

9 

Cortin (2.0 ml. per 100 
gm.) 

12 


2.90 ± 0.32 

4.03 ±0.34 

' 

<0.01 

10 

Desoxycorticosterone 
acetate + Vuj-n (10.4 
mg. N per 100 gm.) 

7 

3.11 ±0.16 

2.81 ±0.26 

4.36 ±0.16 

<0.01 


* Standard error — \/sdV(n (n~l)). 

t Level of significance between the 16 to 19 hour and 19 to 22 hour periods. 


affecting urea production were tested. In five of the six groups measured 
the 6 to 16 hour rate of urea synthesis ranged between 2.90 and 3.11 mg. 
of N per 100 gm. of body weight per hour, while in the sixth it was 3.69 ± 
0.16 mg. of N per 100 gm, of body weight per hour, a value significantly 
higher than the others. The only explanation for this single discrepancy 
in the whole series is that at the time this group was examined the room in 
which the animals were kept got unusually cold, thereby possibly stimulat¬ 
ing the basal rate of nitrogen metabolism. It will be noted that this high 
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rate had fallen to normal after 16 hours in the air-conditioned room. In 
seven groups of rats, including from seven to twenty-four animals per group, 
the control 3 hour period of urea synthesis from the 16th to 19th hours 
postoperatively ranged between 2.76 ± 0.21 and 3.07 db 0.23 mg. of N 
per 100 gm. of body weight per hour. 

The data in Series 4 to 10 illustrate the application of the method to the 
detection of changes in nitrogen metabolism after various experimental pro¬ 
cedures 1 following a 3 hour control period 16 hours after nephrectomy. 

In Series 4, 8.4 mg. of N per 100 gm. of body weight as a sterile 8 per 
cent solution of casein hydrolysate (amigen) was injected intravenously into 
the external saphenous vein at the 19th hour after nephrectomy. During 
the 3 hour control period prior to injection, urea N was being formed at the 
rate of 2.99 ± 0.32 mg. of N per 100 gm. of body weight per hour, while 
during the 3 hours after injection the hourly rate increased to 4.35 it 0.19 
mg. of N per 100 gm. of body weight. This represents an increment of 
1.36 mg. of N per 100 gm. per hour or 4.08 mg. of N in 3 hours; i.e., the 
equivalent of 48.5 per cent of the injected nitrogen was converted to urea. 
With another amino acid mixture, Vuj-n (Series 5) as a sterile 8 per cent 
solution and at a dose level of 10.4 mg. of N per 100 gm. of body weight, the 
urea synthesis increased from 3.07 ± 0.23 to 4.25 db 0.23 mg. of N per 100 
gm. of body weight per hour, a rise of 1.18 mg. of N per 100 gm. of body 
weight per hour, representing the conversion to urea in 3 hours of an amount 
of nitrogen equivalent to 34.0 per cent the Vuj-n nitrogen injected. This 
mixture, devised by Madden et al. (7), consists of the ten essential amino 
acids plus glycine. The changes following injection of both amino acid 
mixtures were highly significant statistically (P<0.01). Although the ex¬ 
perimental periods chosen were 3 hours, it should be pointed out that we 
have shown in previous work (8) that the major conversion of amino acids 
to urea actually occurs during the first 2 hours after injection. 

In Series 6 through 9 the effects of increasing doses of aqueous adrenal 
cortical extract on urea formation are described. The extract was admin¬ 
istered subcutaneously in divided doses at the 16th and 17th hours after 
nephrectomy, blood being collected as before for urea determination at the 
time of nephrectomy, 16, 19, and 22 hours postoperatively. No changes 
were noted during the first 3 hour period. During the second 3 hour period 
a statistically significant increment (P <0.01) occurred with all doses 
tested except the smallest, 0.4 ml. per 100 gm. (P = 0.2). The significance 

1 We are indebted to Dr. Warren M. Cox, Jr., of Mead Johnson and Company for 
the amigen, to Dr. IX F. Robertson of Merck and Company, Inc., for Vuj-n amino 
acid mixture, to Dr. D. J. Ingle of The Upjohn Company for aqueous adrenal cortical 
extract, and to Dr. E. Oppenheimer of Ciba Pharmaceutical Products, Inc.,fordefi- 
oxycorticosterone acetate. 



P. L. ENGEL, E. I. FENTZ, AND 1C. O. ENQEL 


103 


of these changes will be the subject of a later report. In Series 10, the 
rats received 5 mg. of desoxycorticosterone acetate for 7 days, and then the 
basal urea formation and that after 10.4 mg. of N per 100 gm. of body 
weight as Vuj-n were studied following nephrectomy. The desoxycorti¬ 
costerone was found to have no apparent effect on either of these processes. 

discussion 

The data presented show that under the conditions described the rate of 
urea accumulation in the nephrectomized rat is relatively constant for at 
least 22 hours postoperatively. With a sensitive micromethod for urea 
determination, changes in urea production during arbitrarily chosen brief 
intervals can be readily detected. If the data from the 201 control 3 hour 
periods of urea formation (3.02 mg. of N per 100 gm. of body weight per 
hour with a standard deviation of ±1.01 mg. and a standard error of ±0.08 
mg.) are used, and if a difference between the means of 2.6 times the standard 
.error of the difference of the means as the criterion of statistical significance 
is accepted, it is possible to estimate the number of animals necessary to de¬ 
tect differences of varying magnitude in urea formation by this technique 
(9).* Assuming that all other conditions are kept constant as in the exper¬ 
iments reported, a group of nine to ten animals should suffice to reveal a 
change of 0.75 mg. of N per 100 gm. of body weight per hour, while a change 
of 0.50 mg. of N per 100 gm. of body weight per hour would be significant 
in a series of twenty or more rats. 

The method is simple, accurate, and reliable and is applicable to a variety 
of problems in nitrogen metabolism. It has been used in a study of nitrogen 
metabolism during hemorrhage and shock (8). In this study 1 hour periods 
were successfully compared. The changes following injection of amino 
acid mixtures described in the present report suggest a possible method 
for assaying such mixtures for their utilization and toxicity. We have 
found 8 that when solutions of amigen became bacterially contaminated their 
injection resulted in the production in 3 hours of an amount of urea nitro¬ 
gen representing better than 100 per cent of the injected nitrogen, indicating 
an actual stimulation of the catabolism of tissue protein by the injection. 
These findings emphasize the necessity for caution and careful, controls be¬ 
fore interpreting increases in urea after injection of test materials as either 
coming from the injected substances or as representing a stimulation by 
them of other than a non-specific protein catabolic response. 

1 N «■ JV/Uf—w)*, where N » number of animals, t « 2.6, a * standard deviation 
from the mean, and (X—m) « the difference in urea N synthesis from a mean control 
period in mg. of N per 100 gm. per hour. 

* Unpublished observations. 
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For best results, rigid control of the environmental conditions of the 
rats before and during the experimental periods is necessary. The diet 
must be kept constant. A series of animals examined concurrently with 
the above animals, but kept on a synthetic diet low in potassium, had a 
lower basal rate of urea production (10). Rats of a different strain, which 
were fed Purina fox chow supplemented with liver now being studied, also 
show a different basal rate from the series described here. 

From the standpoint of interpretation of basic metabolic mechanisms, 
this method has obvious disadvantages. The operation represents a stress 
which has its own repercussions on nitrogen metabolism and may thereby 
alter the response to any given test material in an as yet unpredictable 
manner. In the absence of the kidneys serious metabolic derangements 
consequent to uremia eventually occur, making interpretaion in terms of 
normal metabolism impossible. This is reflected in nitrogen metabolism by 
a constantly accelerating rate of urea production beginning about 30 hours 
after nephrectomy and continuing until death. This acceleration does not 
occur in the adrenalectomized rat (10). By using animals only during the 
period of constant urea production and for short periods this factor is largely 
obviated. 

Another potential source of error is the arbitrary use of 63 per cent of the 
body weight to represent the total body water. This figure represents only 
an approximation which without actual determination in each animal may 
introduce an error. In any given animal, however, this error would enter 
equally into the control and experimental periods and hence not affect the 
difference. In a given series, the error would contribute to the variations 
in both periods. It is unlikely that important changes occur in water con¬ 
tent in the brief periods chosen by us for these studies, since weight records 
have revealed no significant fluctuations. 

In previous reports (8, 10-13), 75 per cent of the body weight was used 
as an index of total body water. Although there are some reports of val¬ 
ues as high as this (14), the best evidence indicates that 63 per cent is 
closer to the true value (6, 15). For the purpose to which these studies 
have been put, i.e. the comparison of the effects of different experimental 
procedures on the rate of protein catabolism, the use of the higher figure 
for body water does not affect the results. However, if information about 
the absolute level of urea production is desired, a significant error would 
be introduced by its use. 

It is important to avoid taking too large or frequent samples of blood, 
as it has been shown that small hemorrhages (2 per cent of body weight) 
may stimulate and large hemorrhages (greater than 2.5 per cent of body 
weight) may depress urea synthesis in the rat (8). 
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SUMMARY 

A study of the rate of blood urea nitrogen accumulation during the 
first 22 hours following bilateral nephrectomy as a measure of protein metab¬ 
olism in the rat is presented. It is shown that this rate is constant enough 
to make possible the detection in brief periods of changes in nitrogen metab¬ 
olism of the order of 1.0 mg. of N per 100 gm. of body weight per hour in 
groups as small as ten animals. The uses and limitations of the method for 
the study of nitrogen metabolism are discussed. 
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A suggestion that the isotopic composition of K isolated from biological 
material might be different from that of mineral K was offered by Loring 
and Druce (1), who claimed that K from the ash of potato stalks had an 
atomic weight of 40.5 and a radioactivity much greater (as judged by its 
action on photographic paper) than mineral K. These observations were 
repeated and extended (2), with the additional finding that dead wood did 
not show such a separation of the K isotopes. The above observations 
were not confirmed, however, by several investigators (3-6), all of whom 
found no difference in the atomic weight of K from plant as contrasted with 
mineral sources. Using a photographic method, Ernst (7) was led to con¬ 
clude that K from different organs of man and animals was much more 
active than ordinary mineral K. Pohlmann and Netter (8) and Pohlmann 
(9) in an analysis of K from both plant and animal tissue, with a Geiger- 
Miiller counter, concluded, however, that any difference in the radioactivity 
of such K from that of mineral K must be less than 5 per cent. 

One difficulty with work on this question was the relative inaccuracy of 
methods of measuring and another the lack of knowledge regarding the 
identity of the Iv isotopes. The isotope K 40 was detected by Nier (10) who 
suggested that it was the radioactive isotope, a view subsequently con- 
finned (11). An examination of the radioactivity of K isolated from tumor 
tissue was made by Lasnitzki (12) who found no evidence of a separation of 
isotopes within about 2 per cent. A similar result was found (13) for K 
isolated from rabbit muscle. 

While the above measurements were being made on the radioactivity of 
K {e.g. the isotopic content of K 40 ), another series of estimations was carried 
out. on the distribution of the K 41 isotope in biological material. The vari¬ 
ous K isotopes are distributed approximately as follows: K M 8200, K 40 1, 
K 41 580. Brewer (14) found that K from Pacific kelp is richer in K 41 to an 
extent of almost 15 per cent over mineral K. Other plants were also found 
to differ from —2 to —3 per cent of enrichment in the heavy isotope. 
Measurement of the isotope ratio K* 9 :K 41 for animal tissues (15) showed 
no variation except that bone marrow liad a slight enrichment in K 41 (about 

* Research Fellow of the American-Scandinavian Foundation, New York. 
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2 per cent) and the lining of the heart was lower than normal in K 41 . No 
isotope separation for Li or Rb in the fossil Crypiozoon was found (16), but 
an isotope separation for K of around 2 per cent was detected. A summary 
of the above results is given by Brewer (17). A separation of K 41 by tumor 
tissue to the extent that the ratio is 1 per cent less than in mineral K has 
been reported (18), while with Valonia and Nitella saps Jacques (19) finds, 
on the basis of analyses by Brewer, that the isotope ratio K 39 :K 41 is only 
97.5 per cent of the normal ratio for mineral K. The accuracy of the 
estimation is stated as 0.21 per cent. The isotope ratios for normal rat 
tissues are given (20) as the same as for mineral K, except that bone, includ¬ 
ing marrow, had on the average 2.5 per cent less that the normal ratio. 
Further results on tumor tissue (21, 22) indicated that tumors were slightly 
more abundant in K 89 (to an extent of about 1 per cent). The accuracy 
claimed was about 0 07 per cent. The results of Fenn, Bale, and Mullins 
(23) on the K 40 isot ope of ash from human sources, as measured with a 
Geiger-Muller counter, indicated that K 40 is probably 2 per cent less abun¬ 
dant in such biological ash than is mineral K. 

The more recent results of Cook (24) make it necessary to view all pre¬ 
vious data on K separation determined with the mass spectrometer with 
caution. Cook finds the best relative accuracy obtainable in estimations 
of K 41 to be 1 per cent, while the absolute accuracy is 2 per cent. He has 
determined the K 39 : K 41 ratio for various kelps, fossil Cryptozoon, and various 
minerals and can find no difference in the isotopic ratio compared with min¬ 
eral sources. He has observed, however, that the mass spectrometer can 
itself cause “isotope effects” in the emission of K ions from its filament. It 
seems that previous results showing isotope separations may have resulted 
either from this error or from an overestimate of the accuracy of the method. 
Since the only other estimate of K isotope separation concerned a separation 
of K 40 in human ash, it was decided to measure the radioactivity of K from 
biological materials, advantage being taken of the more recent develop¬ 
ments in Geiger counting techniques. 

EXPERIMENTAL 

Potassium from wood was obtained from the trunks of beech trees. This 
wood was burned in a clay-lined stove and the resulting ash treated with 
water to extract the K. For bone K, the long bones of cows and horses 
were ashed in an iron tray and distilled water percolated over the ash for 
several hours. From lava rock (Vesuvius) the K was removed by bringing 
the rock in solution by HF in platinum, then treating with H2SO4, evaporat¬ 
ing to dryness, and extracting with water. KC1, Merck, for analysis, was 
used as a control and treated for purification in the same manner as other 
KC1 samples. 
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All K solutions were made neutral or slightly alkaline, if not already so, 
and evaporated to a volume of around 50 ml. Any precipitate was filtered 
off and HCIO 4 added in excess. The resulting KC10 4 was filtered out upon 
glass filters and recrystallized from hot water two times, washed with abso¬ 
lute alcohol, and dried. The perchlorate was then placed in a muffle oven 
and decomposed to the chloride. Temperatures of around 600° were found 
necessary to insure this conversion. The resulting chloride was weighed 
to assure that the perchlorate was decomposed and the salt then dissolved 
in a small quantity of water and analytical grade HC1 was added to recrys¬ 
tallize the chloride. The resulting salt was filtered on glass, washed with 
HC1, and dried. It was then Jieated to 400° and placed in a desiccator. 
The salt was ground in agate to a uniform powder, a carefully weighed 
aliquot was taken for chloride analysis by titration with Ag, and a sample 
(300 ± 0.2 mg.) was secured for counting in aluminum dishes. It was first 
thought that the most reproducible distribution of KC1 in counting dishes 
could be obtained by melting the KC1 into platinum counting dishes. 
Trials indicated, however, that the annealing of such melted salt was very 
difficult, and it proved impossible to prevent distortion of the platinum 
dishes and consequent counting error due to asymmetry of the dishes. 
Aluminum dishes with 300 mg. of uniformly powdered KC1 were found to 
give reproducible counting characteristics, and were considerably easier to 
prepare. It must be emphasized that the weak link in many measurements 
of radioactivity is the lack of a reproducible geometry for the samples as 
they are placed in the registration apparatus. In our equipment, a change 
of position of the sample of 0.1 mm. will produce more than a 1 per cent 
change in the resulting count. 

The apparatus used for counting is a slight variation of one previously 
described (25) and consisted essentially of a circular plate with six holes 
symmetrically distributed, each about 1 cm. from the circumference. These 
holes carry the counting dishes, and the whole plate is rotated automatically 
at constant intervals of time to bring each sample between two counting 
tubes placed above and below the plate. This arrangement provides a 
minimal sensitivity to changes in the height of the sample. A change in 
the distance of the sample from the counter will cause a change in the count 
of the sample. When samples are rather close to the counter, the rate of 
counting will be inversely proportional to the distance (over small variations 
in distance). This is the reason why changes in height of the samples will 
compensate each other when the results are expressed in per cent of a stand¬ 
ard for both counting tubes, and a mean value taken; The counts coming 
from the two amplifier circuits registered on a pair of the twelve telephone 
message counters necessary to record from each of the six counting positions. 
A cut-off switch was added to the circuit to prevent the recording of any 
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counts during the time of rotation from sample to sample. The entire 
operation of the equipment being automatic, it was possible to compare 
over long periods of time the activities of six samples with only occasional 
readings of the counters. The equipment was provided with breaker con¬ 
trols which permanently shut off the apparatus in case of either a.c. or d.c. 
power failure. 

In making measurements, three samples of cow bone KC1 were placed in 
Positions 1,3, and 5 and three KC1 (Merck, purified as above) samples were 
placed in Positions 2, 4, and 6. The apparatus then was run for 48 hours 
and the results noted, and then each sample was advanced one position in 
the plate and counting was carried on for another 48 hours. Finally the 
samples were replaced in their original positions and counted again for 48 
hours. All samples were calculated to per cent of the standard, and the 
mean value of the counts recorded by the top and bottom counters taken. 

Results 

Since the accuracy of the measurement of particles from radioactive sub¬ 
stances is inversely proportional to the square root of the number of counts 
obtained, it is obvious that to attain an accuracy of 1 per cent one must 
measure 10,000 counts, while for 0.1 per cent, 1,000,000 counts must be 
measured. Our original plan was to measure to 0.5 per cent (e.g. 40,000 
counts) and as the K in the dishes gave approximately 30 net counts per 
minute, a considerable amount of time was required. A preliminary series 
of countings was undertaken to determine the effect of different amounts 
of KC1 in the counting dishes. The results of this series are shown in Table 
I. It was possible to prepare KC1 samples with less than 1 mg. of deviation 
from 300 mg. and most were exact to 0.2 mg. From Table I it can be 
seen that a change of weight of 1 mg. makes a difference in count of only 
0.1 per cent; so that there is a negligible error introduced in this way. A 
second control was necessary to be sure that one could detect a decrease in 
the count of the order of 2 per cent when a dilution of this order of magni¬ 
tude was present. For this test, analytical sodium oxalate was weighed 
and mixed by grinding in agate. The oxalate concentration was calculated 
to be 2.6 per cent of the total mixture. The reduction of count obtained 
amounted to 3.1 per cent, which is rather good agreement considering the 
difficulty of obtaining good mixing with dry crystals. The data are included 
in Table II. 

Since enough of each biological sample was prepared to fill three alumi¬ 
num dishes, and comparisons were made of each of these dishes, with ana¬ 
lytical KC1 as a standard, the reproducibility of the count of any of these 
dishes is of some interest, inasmuch as small geometrical errors in the 
counting apparatus are compensated by counting at different positions in 



L. J. MULLINS AND K. EEBAHN 


111 


the sample holder. Table III indicates something of the reproducibility 
of two dishes containing reagent KOI as counted against a third dish con¬ 
taining the same substance. It is to be emphasized that these results are 
for durations of only about 10,000 counts, and hence the accuracy expected 
cannot be more than 1 per cent. The mean values are about 1,5 per cent 
different from the control. 

The final results obtained on counts for various biological materials are 
summarized in Table IV. Here reagent KC1 is taken as 100 per cent and 
the various other substances related to this value. Standard deviations 


Table I 

Count Obtained from KCl Samples in Relation to Their Weight 


Weight 

i 

Relative count 

i 

A count 

A count 

A weight 

mg. 

per cent 

pet rent 

per cent per mg. 

350 

100.0 

1 


300 : 

94.5 

5.5 

0.11 

250 

i 

88.4 

6 .! 

0.12 


Table II 

Measurement of 2.6 Per Cent Dilution of KCl with Sodium Oxalate 


Total No. of counts measured 

Inactive impurity found 


per cent 

4 X 10< 

2.73 

2 X 10 4 

2.93 

2 X 10< 

2.93 

2 X 10 4 

3.86 

2 X 10 4 

2.95 

Mean value 

3.1 


for these mean values are given in the last column. It is quite difficult to 
estimate the accuracy of these measurements. Theoretically the accuracy 
of the counts should be 0.3 per cent; however, there are many additional 
factors which contribute towards making this estimate higher. First there 
is the purity of the KCl preparation being counted. Previous experiments 
(23) have indicated that one does not find spectroscopically demonstrable 
Rb in the K samples isolated from animal sources. As to the presence of 
the radium series in these KCl preparations, coprecipitation with Ba ++ of 
one of the K samples was carried out to determine whether there was any 
change in the count. Such a change could not be demonstrated. A further 
control wap the titration of the chloride with silver. This procedure could 
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be carried out with an accuracy of 0.2 per cent, as contrasted with an anal¬ 
ysis for K which could only be determined within 2 per cent accuracy. 
Variations in background were largely compensated for by long counting 
intervals. KC1 samples as isolated from biological material did not give a 
flame test for Na. In all, with regard to the error, it can be said that it has 
not been possible to find a separation of the order of 1 per cent for the K 40 
isotope in the various materials used. 


Table III 


Reproducibility of Counting with Single Sample 


Trial No. 

Counts, per cent of standard sample 

Series 1 

Series 2 

Another sample 

i 

99.7 

100.3 

97.3 

2 

98.9 

98.6 

98.6 

3 

99.3 

99.3 

99.6 

4 

99.9 

97.1 

98.6 

5 

97.4 


100.2 

6 

96.6 


98.9 

7 

98.6 


98.9 

Mean. 

98.6 

98.8 

98.8 


Table IV 

Summary of Measurements on Biological Materials 


KCl sample 

Total No. of 
counts measured 

Mean value 

Standard 

deviation 

Reagent KCl. 

3 X 10* 

per cent 

100.0 

0.26 

Lava rock. 

3 X 10 6 

99.9 

0.76 

Cow bone. 

5 X 10* 

100.3 

0.26 

Horse bone. 

3 X 10 6 

99.6 

1.01 

Beech wood. 

5 X 10* 

99.8 

0.17 


It seems quite clear that there has not been demonstrated previously a 
separation of the K isotopes which is above criticism, and further it is diffi¬ 
cult to see why one should expect such a process in living cells. The fact 
that isotopes should have a mobility proportional to the square root of their 
masses has often been mentioned as a possibility, but in reality this holds 
true only for the gaseous state, while in solution one must expect that the 
transport of these isotopes will depend on differences in their atomic radius. 

This difference between K 89 and K 40 is practically nil. To be sure, alkali 
isotopes have been separated by exchange reactions in zeolites, but it is 
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difficult to imagine the living cell as providing the necessary conditions for 
such a mechanically repetitive process as isotope separation. 

We are indebted to Professor N. Bohr for supplying the numerous facil¬ 
ities to make this work possible, to Professor G. Hevesy for his kind 
interest in the work, and to Professor Noe-Nygaard for supplying the lava 
rock samples used. 


SUMMARY 

The K 40 content of potassium from animal, vegetable, and mineral 
sources has been compared with reagent KC1. No difference in K 40 content 
within ±0.5 per cent could be demonstrated for these various materials. 
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BIOSYNTHESIS OF TRICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION 

I. THE PREPARATION AND PROPERTIES OF OXALOSUCCINIC ACID* 

By SEVERO OCHOA 

0 From the Departments of Chemistry and Medicine, New York University 
College of Medicine , New York) 

(Received for publication, December 29, 1947) 

As previously reported, the Jbiological conversion of d-isocitric acid to 
a-ketoglutaric acid and carbon dioxide occurs in two steps with oxalosuc- 
cinic acid (OSA) as an intermediate; both steps are reversible and enzyme- 
catalyzed (1,2). 

The conversion of isocitric acid to OSA had been postulated by Martius 
(3) by analogy with the biological dehydrogenation of other hydroxy acids 
to the corresponding keto acid. Although free OSA had never been pre¬ 
pared, Martius assumed that this j8-keto acid would be so unstable that it 
would decarboxylate spontaneously, i.e. non-enzymatically, to a-ketoglu- 
taric acid and CO 2 at a rapid rate. The preparation of OSA (1) made pos¬ 
sible a better understanding of the mechanism of biological reactions involv¬ 
ing tricarboxylic acids. Since this keto acid is indeed very unstable, its 
preparation and properties will be described in some detail in this paper. 

As is well known, when triethyloxalosuccinic ester (OS ester) is refluxed 
with relatively dilute acid, it is quantitatively hydrolyzed and decarboxyl- 
ated to a-ketoglutaric acid (4, 5). However, if it is hydrolyzed with con¬ 
centrated hydrochloric acid, at room or lower temperature, OSA is formed 
in good yields. The free acid can then be isolated as the barium salt after 
removal of unhydrolyzed ester by extraction with ether. 

Both OS ester and OSA give, with ferric chloride, color reactions which 
have proved extremely valuable as a guide in the various steps of the prepa¬ 
ration of the acid. Both compounds give a deep red color with ferric iron 
but, while the color given by the ester develops gradually and is stable once 
its maximum is reached, with the acid the color appears instantaneously 
and* rapidly fades to a greenish yellow. The rapid fading is due to the de¬ 
carboxylation of OSA to a-ketoglutaric acid catalyzed by ferric ions. 
a-Ketoglutaric acid gives a greenish yellow color with ferric chloride (4). 

Aniline markedly accelerates the decarboxylation of OSA, as is the case 
with other tf-keto acids (2, 6, 7). The decarboxylation of OSA, either by 

* Aided by grants from the Rockefeller Foundation, the Penrose Fund of the 
American Philosophical Society, the Williams-Waterman Fund of the Research Cor¬ 
poration, and Hoffmann-La Roche, Inc. 
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aniline or by certain cations, can be used for the quantitative determination 
of the keto acid and has proved very useful in following the hydrolysis of 
OS ester. 


EXPERIMENTAL 

Hydrolysis of OS Ester— 42.0 cc. (45.7 gm.) of OS ester (equivalent to 
31.6 gm. of OSA) were shaken with 126 cc. of concentrated hydrochloric 
acid 1 until all the ester went into solution, and the mixture was left at room 
temperature (18-20°), with occasional shaking, for 24 hours. At this time 
the mixture contained 11.1 gm. of OSA as determined with aniline citrate, 2 
corresponding to 35 per cent hydrolysis. The solution was concentrated 
in vacuo at 25° (bath temperature not over 35°) to about half its original 
volume in order to remove ethyl alcohol and facilitate further hydrolysis of 
the ester. The residue was made up to the original volume (168 cc.) with 
concentrated hydrochloric acid and the solution was allowed to stand at 

Table I 

Course of Hydrolysis of Oxalosuccinic Ester 
5.4 gm. of ester (equivalent to 3.74 gm. of oxalosuccinic acid) hydrolyzed with 15 
cc. of concentrated HC1 at 20°. 


Hydrolysis time 

Oxalosuccinic acid found 

Hydrolysis 

hrs. 

gm. 

per cent 

17 

1.22 

32.5 

42 

1.76 

47.0 

70 

1.80 

48.0 

94 

1.70 

45.0 


room temperature for another 24 hours, when 15.8 gm. of OSA, correspond¬ 
ing to 50 per cent hydrolysis, were found. Prolongation of the hydrolysis 
time beyond 48 hours led to no further increase in the amount of OSA deter¬ 
mined with aniline citrate (Table I). 

Removal of Unhydrolyzed Ester and Reaction Products Other Than OSA — 
The solution was concentrated under reduced pressure, as above, to about 
30 per cent of its original volume, and the residue was kept at 0° overnight, 
whereupon some crystalline material precipitated. This material contains 
no OSA or ester and has not been further identified; 8 it was filtered off with 
suction, on a sintered glass filter, and discarded. The clear filtrate was 
extracted once with 1.5 volumes of anhydrous ether at 0°. The ether ex- 

1 Analytical reagent grade, sp. gr. 1.18. 

* See Table V. 

* The material is. sparingly soluble in water and its solutions are weakly acid. 
After boiling with alkali, a 2,4-dinitrophenylhydrazone, closely resembling that of 
a-ketoglutaric acid, is obtained. 
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tract contained most of the unhydrolyzed (or partially hydrolyzed) ester, 
as indicated by ferric chloride tests, and was discarded. The aqueous layer 
was further concentrated under reduced pressure to about 20 cc., and the 
residue, a thick yellow oil containing 11.0 gm. of OSA, 4 was made up to 26 
cc. with concentrated hydrochloric acid and allowed to stand overnight at 
0°. A second crop of crystals, of the unidentified material referred to above, 
was filtered off and discarded. The clear filtrate (23 cc.) contained 11.0 
gm. of OSA. 

Precipitation of OSA As Barium Salt —Since it was not possible to crystal¬ 
lize the free OSA, it was decided to isolate it as the barium salt. This 
offered a possibility of separating OSA from its decarboxylation product, 
a-ketoglutaric acid, by fractionation of the barium salts. 

23 cc. of the strongly acid filtrate were chilled to —12°, diluted to about 
90 cc. by slowly adding ice water, and brought (with vigorous mechanical 
stirring) to just below pH 5.0 by the very slow addition of 26 cc. of carbon¬ 
ate-free 28 per cent sodium hydroxide previously chilled to —10°. The 
temperature was never allowed to rise above —2°. These precautions are 
essential, because OSA, while stable in concentrated hydrochloric acid, 
readily undergoes decarboxylation in dilute acid. The solution was cooled 
to —10°, and 150 cc. of carbonate-free 25 per cent barium acetate of the 
same temperature were added with mechanical stirring; a bulky white pre¬ 
cipitate was obtained. The mixture was now brought to pH 7.3 with 8.0 
cc. of 28 per cent sodium hydroxide, and alcohol (at —10°) was added to a 
final concentration of about 20 per cent. After stirring for 10 to 15 minutes 
the barium salt was centrifuged off at 0° and the mother liquor was dis¬ 
carded. The mother liquor contains small amounts of OS ester as well as 
barium a-ketoglutarate which precipitates on addition of more alcohol and 
can be identified as the 2,4-dinitrophenylhydrazone. The barium salt was 
washed successively in a refrigerated centrifuge at 0° with 25, 50, and 100 
per cent ethanol and with ether, and was dried in vacuo over CaCl 2 and 
paraffin at room temperature. The yield of barium salt, containing 32.2 
per cent of OSA, was 25.0 gm., corresponding to 8.0 gm. of OSA, or 25 per 
cent of theory. Kept over calcium chloride in the ice box, the barium salt 
is perfectly stable. 

Some analytical data obtained on this preparation are shown in Table 
II. On the basis of the OSA content (after correction for the loss of water 
on further drying of a small sample in vacuo over P 8 0 5 at room temperature) 
the barium salt is 70 per cent pure. 5 A small fraction of the impurities is 

4 The OSA lost after ether extraction (4.8 gm.) may consist to a large extent of 
partially hydrolyzed OS ester. 

6 A smaller batch of barium salt (2.6 gm.), prepared by the same method with the 
same yield, was 80 per cent pure with regard to OSA (PsOi-dried salt: Ba, 46.0 per 
cent; OSA, 38.5 per cent; free a-ketoglutaric acid, 2.0 per cent). 
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a-ketoglutaric acid (5 per cent); the remainder might largely consist of the 
unidentified material that crystallizes on concentrating and chilling the acid 
hydrolysates. Ferric chloride tests indicate that the barium salt contains 
little, if any, ester. 

A solution of OSA, from 100 mg. of the barium salt, was boiled for a few 
minutes to decarboxylate the acid, cooled, and treated with 2,4-dinitro- 
phenylhydrazine in 2 n HC1. A hydrazone was obtained which after two 
recrystallizations from hot water (yield 7.9 mg.) melted at 220° (uncor¬ 
rected). A sample of a-ketoglutaric 2,4-dinitrophenylhydrazone, prepared 


Table 11 

Analytical Data of Neutral Barium Salt of Oxalosuccinic Acid 



Found, Ba salt dried in vacuo 
over CaCh 

Calculated for 
CitHtOuBa* 

Purity 

Uncorrected 

Corrected for 
5.3 per cent 
HiO* 

Bat. 

per cent 

43.5 

32.2 

29.6 

4.8 

per cent 

46.0 

34.0 

31.2 

5.1 

per cent 

52.3 

48.3 

37.2 

0.0 

per cent 

70.0 

1 

Oxalosuccinic acidj. 

Total a-ketoglutaric acid§_ 

a-Ketoglutaric acid||. 


* On further drying in vacuo over PjO, the salt lost 5.3 per cent weight, 
t Determined by the method of King (8). Average of two duplicate estimations, 
t Determined with aniline citrate (see Table VI). 

§ Determined by the hydrazone method (0) after heat decarboxylation of the 
oxalosuccinate. 

|| Ketoglutaric acid in excess of that calculated from the oxalosuccinate present. 


and recrystallized in the same maimer, melted at 219° (uncorrected). 
Mixed m.p., 220°. 

Stability of OSA —OSA is much less stable than oxalacetic acid and read¬ 
ily undergoes decarboxylation to a-ketoglutaric acid and CO 2 in aqueous 
solution. The rates of spontaneous decarboxylation of the two 0-keto 
acids were determined in 0.18 m acetate buffer, pH 5.1, at 25°, with the re¬ 
sults shown in Table III. It may be seen that OSA decarboxylates about 
8 times faster than does oxalacetic acid. 

Effect of Cations —Krebs has shown that a number of polyvalent cations 
catalytically accelerate the decarboxylation of oxalacetic acid (10). Table 
IV, where the results obtained with oxalacetic acid under identical condi¬ 
tions are included for comparison, shows that this also holds true for OSA. 
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Table III 

Comparison of Rates of Spontaneous (Non-Emymatic) Decarboxylation of 
Oxalacetic and Oxalosuccinic Acids 

1.5 cc. of 0.3 m acetate buffer, pH 5.1, made up, with keto acid and water, to a 
volume of 2.5 cc. Oxalacetic acid, 19 micromoles (equivalent to 425 cm of CO*); 
oxalosuccinic acid, 16 micromoles (equivalent to 360 c.mm. of CO*). Gas, air; 
temperature, 25°. Solution of keto acids tipped in from the side bulb of Warburg 
vessels after temperature equilibration. 



Oxalacetic acid 


Oxalosuccinic acid 

Time 

CO* evolved 

k * 

Time ' 

CO* evolved 

*• 

min 

c.mm. 

x io-» 

min. 

c.mm . 

X i0-* 

15 

16 

1.25 

5 

47 

1.22 

30 

40 

1.44 

10 

89 

1.21 

45 I 

60 

1.48 

15 

122 

1.20 

60 

74 

1.38 

20 

150 

1.18 

120 

142 

1.46 

! 25 

170 

1.11 

• 



30 

189 

1.08 

Average. 

1.40 



1.17 


* k = first order velocity constant of decarboxylation « l/i log (o/(a— x)) ( t 
* time in minutes; a = initial amount of keto acid; x = amount decarboxylated 
at time t). 


Table IV 

Effect of Cations on Decarboxylation of Oxalosuccinic Acid 

Experimental details as in Table III except that the keto acids were measured into 
the main space of the Warburg vessels. The metallic salts were tipped in from the 
side bulbs after temperature equilibration. 


Salt 


None. 

0.001 m CaCl*.... 
0.001 “ MgCl*... 
0.001 “ MnCl*.... 
0.001 “ ZnS0 4 . 
0.001 “ CuS0 4 .. 
0.001 “ FeS0 4 ... 
0.001 “ FeCl*.... 
0.001 " AMSO 4 )*. 


CO* evolved 


Oxalacetate, 

15 min. 

Oxalosuccinate, 
5 min. 

c.mm. 

c.mm. 

16 

47 

17 

36 

17 ! 

50 

25 

41 

34 

76 

158 

187 

72 

110 

122 

245 

232 

255 























120 


BIOSYNTHESIS OP TRICARBOXYLIC ACIDS. I 


Methods 

Determination of OSA with Aniline Citrate —The method of Edson (7) 
was used. Details of its application to the quantitative estimation of OSA, 
both in hydrolysates of OS ester and in the barium salt, are given in Tables 
V and VI. 

Ferric Chloride Tests —The color reaction of OS ester with ferric chloride 
was described by Wislicenus and Waldmiiller (11). When used on hy¬ 
drolysates, it is best to neutralize to a weak acid reaction before adding a 
drop or two of concentrated FeCl* to a dilute sample of the hydrolysate. 

Table V 

Determination of Oxalosuccinic Acid in Hydrolysates of Its Trielhyl Ester 

Contents of Warburg vessels, main space, 0.5 cc. of 50 per cent citric acid and 1.4 
cc. of water; Side Bulb 1,0.05 cc. of 30 per cent NaOH;* Side Bulb 2,0.4 cc. of aniline 
citrate. Main space of Vessel a (blank), 0.05 cc. of concentrated HC1; main space 
of Vessel b, 0.05 cc. of hydrolysate. Gas, air; temperature, 25°. Contents mixed 
after temperature equilibration. 


Time 

COj evolved 

Vessel a 

Vessel b 

min. 

c.mm. 

c.mm. 

5 


433 

12 

75 

465 

15 

75 

465 

COi evolution corrected for blank, c.mm. 

390 

Oxalosuccinic acid in 0.05 cc. hydrolysate, mg . 

3.3 

“ “ “ 168 

“ “ gm . 

11.1 


• For approximate neutralization of hydrolysate. 


When OSA accumulates in hydrolysates, one obtains an instantaneous red 
color, which fades rapidly, followed by the gradual development of a stable 
dark red. As mentioned above, the “fading” reaction is due to OSA and 
the gradually developing stable reaction to OS ester. When the barium 
salt is used, it is best to bring it first into solution with a drop or two of 
dilute acid. Best results are obtained, in general, at weakly acid reaction. 

Preparation of Solutions of OSA from Its Barium Salt —Owing to the in¬ 
stability of OSA. all operations are carried out at 0°. The barium salt is 
suspended in a little water, brought into solution with a few drops of 2 N 
HC1, and the barium precipitated with the calculated amount of 1 N 
H*30*. The precipitate of barium sulfate is centrifuged off and discarded 
without washing, and the supernatant is brought to the desired pH and 
volume. A number of aniline citrate estimations of the OSA in solution, 
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carried out immediately alter its preparation, indicated that on the average 
it corresponds to 70 per cent of the calculated amount. When more exact 
data are required, an aniline citrate estimation is carried out simultaneously 
with the experiment in which the particular OSA solution is used. Solu¬ 
tions of OSA are conveniently made up just before use, but, in most cases, 
they can be used over a period of several hours if kept at 0°. 

Preparations —The potassium salt of triethyl oxalosuccinate was prepared 
by the method of Wislicenus and Waldmiiller (11) and converted to the free 
ester as described by Neuberg and Ringer (5). Oxalacetic acid was pre- 

Table VI 

Determination of Oxalosttccinic Acid Content of Barium Oxalosuccinate 
The solid barium salt was weighed into one side bulb of the Warburg vessels. 
The other side bulb contained 0.4 cc. of aniline citrate and the main spaoe 0.5 cc. of 
50 per cent citric acid plus 1.5 cc. of water. Gas, air; temperature, 25 s . Contents 
mixed after temperature equilibration. 


Time 

COj evolved 

No Ba salt 

12.7 mg. Ba salt 

12.3 mg. Ba salt 

12.5 mg. Ba salt 

min. 

c.mm. 

c.mm. 

c.mm. 

c.mm. 

6 


43d 



10 

-11 

462 j 

436 

441 

15 

-11 

472 

450 

455 

18 

-11 


450 

455 

20 

. 

479 



30 


479 



Total CO* evolved, c.mm . 

479 

450 

455 

CO* after correcting for blank, 


- 


c.mm . 


490 

461 

461 

Oxalosuccinic acid, mg . 

4.15 

3.92 

3.96 

** “ % . 

32.7 

32.0 

31.8 


pared by the method of Wohl et al. (12); its purity, as determined with 
aniline citrate, was 100 per cent. 

SUMMARY 

The preparation of oxalosuccinic acid, by hydrolysis of its triethyl ester 
with concentrated hydrochloric acid at room temperature followed by re¬ 
moval of unhydrolyzed ester with ether and isolation as the barium salt, 
is described. 

In aqueous solution oxalosuccinic acid is much less stable than oxalacetic 
acid and readily undergoes decarboxylation to a-ketoglutaric acid and car¬ 
bon dioxide. At pH 5.1 (0.18 m acetate buffer) and 25°, the first order 
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velocity constants of decarboxylation are as follows: k oxalacetate = 1.4 
X lO-*, k oxalosuccinate = 1.17 X 10~ 2 . 

The decarboxylation of oxalosuccinate is markedly accelerated by some 
polyvalent cations (in order of effectiveness Zn 44 , Fe 44 , Cu 44 , Fe 444 , 
Al 444 ) and by aniline. 

The help of Dr. Erna Weisz-Tabori in part of this work is gratefully 
acknowledged. I am also indebted to Mr. Morton C. Schneider for tech¬ 
nical assistance. 
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BIOSYNTHESIS OF TRICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION 

II. OXALOSUCCINIC CARBOXYLASE* 
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College of Medicine, New York) 

(Received for publication, December 29, 1947) 

Although oxalosuccinic acid (OSA) is very unstable (1) and rapidly under¬ 
goes decarboxylation to a-ketoglutaric acid and carbon dioxide in aqueous 
solution, this reaction is markedly accelerated by oxalosuccinic carboxylase, 
a soluble enzyme, first found in pig heart extracts (2). This enzyme, which 
is also present in other tissues, is thermolabile, specific for OSA, and re¬ 
quires manganous ions for activity. 

Remits 

Specificity of Enzyme— Because of the lability of OSA, the activity of 
oxalosuccinic carboxylase is best investigated at low temperatures, such as 
15° or lower. The enzymatic activity of dialyzed extracts of washed ace- 
tone-dried pig heart is illustrated in Fig. 1, which also shows the thermo¬ 
lability and the Mn++ dependence of the enzyme. 

The decarboxylation of oxalacetic acid (OAA) to pyruvic acid and carbon 
dioxide had been known for some time to be catalyzed by enzymes from 
various sources. Oxalacetic carboxylase was first discovered by Krampitz 
and Werkman (3) in lysed preparations of Micrococcus lysodeikticus; this 
enzyme was stated to require either Mg++ or Mn*^ for activity. Later 
Evans, Vennesland, and Slotin (4) found a similar enzyme in aqueous ex¬ 
tracts of acetone-dried pigeon liver; this enzyme functioned with Mn** 
but not with Mg++. 

The question whether the decarboxylation of OSA and OAA is catalyzed 
by the same or by different enzymes was of great interest and was investi¬ 
gated in some detail. It was found early in this work that pig heart ex¬ 
tracts, with high oxalosuccinic carboxylase activity, were inactive toward 
OAA (2), while pigeon liver extracts decarboxylated the two kfeto acids. 
A partially purified preparation of oxalacetic carboxylase from Micrococci 
lysodeikticus 1 is free from oxalosuccinic carboxylase. These facts are il- 

* Aided by grants from the Rockefeller Foundation, the Penrose Fund of the Amer¬ 
ican Philosophical Society, the Williams-Waterman Fund of the Research Corpora¬ 
tion, and Hoffmann-La Roche, Inc. 

1 Mehler, A. H., Kornberg, A., Grisolia, S., and Ochoa, S., unpublished. 
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lustrated in Fig. 2. More recently it has been found that highly purified 
preparations of “oxalacetic carboxylase” from pigeon liver 2 are devoid of 
oxalosuccinic carboxylase activity. 8 It is thus clear that oxalosuccinic 
and oxalacetic carboxylases are distinct enzymes, each being strictly spe¬ 
cific for its substrate. Such specificity has also been found in spectropho- 
tometric experiments (6). 



Fig. 1 . Enzymatic decarboxylation of oxalosuccinic acid. 0.018 m citrate buffer, 
pH 5.6, and 18 micromoles of oxalosuccinate (equivalent to 405 c.mm. of CO*), with 
additions as indicated, in a final volume of 2.8 cc. Enzyme, dialyzed extract of 
washed, acetone-dried pig heart containing about 5 mg. of protein per cc. Oxalo¬ 
succinate tipped in from side bulbs of Warburg vessels after temperature equilibra¬ 
tion. Gas, air; temperature, 14°. Curve 1, 1 cc. of enzyme + 3.6 micromoles of 
MnCl*; Curve 2, no enzyme but 3.6 micromoles of MnCl*; Curve 3,1 cc. of enzyme but 
no MnCli; Curve 4,1 cc. of heated enzyme (heated for 2 minutes at 100°, cooled, and 
coagulated protein removed by centrifugation), either with or without 3.6 micromoles 
of MnCl*; Curve 5, neither enzyme nor MnCl*. 

* This enzyme catalyzes the reversible oxidative decarboxylation of i-malic acid 
to pyruvic acid and CO*, with triphosphopyridine nucleotide as coenzyme, as well as 
the decarboxylation of OAA. Mn 44 is needed in both cases. All the evidence so far 
obtained indicates that the same enzyme catalyzes the two reactions; this enzyme, 
therefore, would not be primarily an oxalacetic carboxylase. The enzyme from 
Micrococcus lysodeikticua , on the other hand, is totally inactive toward malic acid, 
whether with di- or triphosphopyridine nucleotide, and is thus a true oxalacetic 
carboxylase. Whether the catalysis of OS A decarboxylation is an incidental activ¬ 
ity of an enzyme, which essentially catalyzes the oxidative decarboxylation of isocit- 
ric acid to a-ketoglutaric acid and CO*, remains to be decided by purification (see 
the discussion on this point in Paper III (5)). 

1 Ochoa, 8., Mehler, A. H., and Kornberg, A., unpublished. 
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Reaction Products —The enzymatic decarboxylation of OSA was allowed 
to proceed to completion in three Warburg vessels set up as the sample 
corresponding to Curve 1 in Fig. 1. The OSA content of the solution used 
in this experiment was simultaneously determined in another Warburg 
vessel with aniline citrate (1). The experimental temperature was 15°. 
Decarboxylation was complete in 30 minutes when 455, 423, and 440 c,mm. 



Fig. 2. Specificity of oxalosuccinic and oxalacetic carboxylase. Either 0.018 ii 
citrate buffer, pH 5.6, and 3.6 micromoles of MnClj, made up with enzyme, substrate, 
and water, to a volume of 2.8 cc. (Curves la, lb, 2a, 2b, and 3a), or 0.025 m acetate 
buffer, pH 5.0, and 1.0 micromole of MnCl* made up with enzyme, substrate, and 
water to a volume of 2.0 cc. (Curve 3b). Curves a, substrate oxalosuccinate (18 mi¬ 
cromoles); temperature, 16-17°; curves 6, substrate oxalacetate (28 micromoles); tem¬ 
perature, 25°. Curves 1, 1.0 cc. of pig heart extract (4.4 mg. of protein); Curves 2, 
1.0 cc. of Micrococcus lysodeikticus enzyme (about 1.0 mg. of protein); Curves 3, 0.5 
cc. of pigeon liver extract (18.5 mg. of protein). Gas, air. Substrate tipped in from 
side bulbs of Warburg vessels after temperature equilibration. 

Qf CO* were evolved in each of the three Warburg vessels, as measured from 
the moment OSA was tipped into the main compartment. The correspond¬ 
ing CO* evolution with aniline citrate was 459 c.mm. The contents of 
the three vessels were then mixed and deproteinized with trichloroacetic 
acid. Addition of 2,4-dinitrophenylhydrazine in 2.0 n HC1 yielded a 
hydrazone which after two recrystallizations from hot water (yield 5.0 
mg.) melted at 220° (uncorrected). A sample of a-ketoglutaric 2,4- 
dinitrophenylhydrazone, prepared and recrystallized in the same manner, 
melted at 219° (uncorrected). Mixed m.p., 218°. 
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Properties of Enzyme —The rate of enzymatic decarboxylation of OSA is 
about the same at pH*5.6, G.3, and 7.4, whereas at pH 6.0 it is very low, 
owing to denaturation of the enzyme. Reactions more alkaline than pH 
7.4 were not investigated because of the pronounced increase of the spon¬ 
taneous decarboxylation of OSA with increasing alkalinity. The data at 
pH 7.4 were obtained with glvcylglyeine buffer, all others with citrate 
buffer. Complete evolution of the C0 2 produced by decarboxylation at 
pH higher than 5.0 was insured by tipping acid from the side bulb of the 



AMOUNT OF ENZYME (cc.) 

Fig. 3. Rate of enzymatic decarboxylation of oxalosuccinic acid as a function of 
the enzyme concentration. 0.018 m citrate buffer, pH 5.6, 3.6 micromoles of MnCl 2 , 
and 18 micromoles of oxalosuccinate, with various amounts of pig heart extract, made 
up to a final volume of 2.8 cc. Other experimental details as in Fig. 1. Gas, air; 
temperature, upper curve, 14.5°, lower curve, 17°. (The two experiments reproduced 
in the figure were carried out with two different extracts.) Blank, without enzyme 
but with MnClj. 

Warburg vessels, and the C0 2 evolution, in the absence of enzyme, was 
subtracted in all cases to obtain the enzyme-catalyzed decarboxylation. 

As is illustrated in Fig. 3, the initial rate of the enzymatic decarboxyla¬ 
tion of OSA is proportional to the concentration of the enzyme. 

The need of manganous ions for the activity of oxalosuccinic carboxylase 
has already been mentioned. It has also been previously reported (2) 
that Mg 44 is ineffective at concentrations at which Mn 44 is quite effective; 
this illustrated in Table I. 

The increasing rate of enzymatic decarboxylation of OSA with increasing 
concentrations of either Mn 44 or OSA, while the concentration of one of 
of them is kept constant, is shown in Table II. In the case of constant 
OSA and increasing Mn 44 concentration, the blank used for the whole 
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series was one with the highest concentration of Mil**, i.e. 1.3 X 1Q~* M. 
With constant Mn 4 ' 4 ’ and increasing OSA concentration, two samples were 
run at each concentration of OSA, one without and one with enzyme. 
Optimum concentrations of Mn++ and OSA have not been reached in these 

Table I 

Comparison of Effect of Mg ++ and Mn+ + on Activity of Oxalosucdnic Carboxylase 
0.018 m citrate buffer, pH 5.6, and 18 micromoles of oxalosuccinate, with other 
additions as indicated, in a final volume of 2.8 cc. Gas, air; temperature, 14°. 


Additions CO* evolved in 10 min. 

t.mm. 

3.6 micromoles MnCh. 50 

1 cc. heart enzyme . 70 

1 “ “ “ -f 3.6 micromoles MgCl*. 76 

1 “ “ “ + 3.6 “ MnClj. 284 


Table 11 

Rate of Decarboxylation of Oxalosuccinate As Function of Afn ++ and Substrate 

Concentration 

0.02 m citrate buffer, pH 5.6, and 0.5 cc. of pig heart extract, with other additions 
as indicated, in a total volume of 2.8 cc. Gas, air; temperature, 17-18°. Oxalosuc¬ 
cinate tipped in from side bulb of Warburg vessels after temperature equilibration. 
The concentration of oxalosuccinate in the solution used for these experiments was 
determined with aniline citrate. 


7.6 X 10~» u oxalosuccinate 


1.3 X 10~> u MnClt 


M X 10”* Mn + * 

j CO* evolution* in 5 min. 

m x i<r« osa 

COs evolution! in 5 min. 


c.mm. 


c.nm. 

0.065 

27 

3.04 

60 

0.325 i 

57 

4.55 

70 

0.65 | 

87 

7.60 

109 

1.30 ! 

110 

11.40 

150 



15.20 

193 


* Excess over sample containing 1.3 X 10 -1 m Mn ++ and no enzyme, 
t Excess over corresponding samples without enzyme. 


experiments, but it is apparent that the dissociation constants of the 
enzyme-Mn and the enzyme-substrate complexes are high. 

Experiments on competitive inhibition of oxalosuccinic carboxylase 
revealed the interesting fact that, while citric acid and various keto acids 
do not inhibit, and as-aconitic acid is only weakly inhibitory, isocitric acid 
is strongly inhibitory. These experiments are illustrated in Table III. 
Experiment 1 shows that substitution of acetate buffer of the same pH for 
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the citrate buffer used throughout this work makes no significant difference, 
indicating that citric acid does not interfere with oxalosuccinic carboxylase. 
Experiments 2 and 3 show that 0.01 m a-ketoglutarate, oxalacetate, or 
pyruvate does not inhibit, while even 0.0066 m dZ-isocitrate is strongly 

Table III 

Competitive Inhibition of Oxalosuccinic and Oxalacetic Carboxylases 
OxaloBuccinic carboxylase, 0.02 m citrate buffer, pH 5.6,7.2 micromoles of MnCls, 
1.0 cc. of pig heart extract, and 21 micromoles (470 c.mm., final concentration 0.0075 
m) of oxalosuccinate, in a total volume of 2.8 cc. Temperature, 12-13°. Oxalacetic 
carboxylase, 0.1 m acetate buffer, pH 5.2, 1.8 micromoles of MnCls, either Micro¬ 
coccus lysodeiklicus enzyme or purified pigeon liver enzyme, and 20 micromoles 
(450 c.mm., final concentration 0.01 m) of oxalacetate, in a total volume of 2.0 cc. 
Temperature, 25°. Gas, air. Other additions as indicated. Oxalosuccinate and 
oxalacetate tipped in from side bulbs of Warburg vessels after temperature equilibra¬ 
tion. 


OxaloBuccinic carboxylase 

Oxalacetic carboxylase 

Experi¬ 

ment 

No. 

Inhibitor 

COa 

evolution* 

Experi¬ 

ment 

No. 

Inhibitor 

COa 

evolution* 



c.mm. in 



c.mm. in 



5 min. 



20 min. 

1 


113 

4t 


233 



132J 


0 .02Mfumarate 

53 

2 


126 


0.02 “ Z-malate 

16 


0.02 m di-isocitrate 

0 

5§ 


151 


t).01 “a-ketoglutarate 

150 


0.02 “fumarate 

132 


0.01 “oxalacetate 

116 


0.02 “ Z-malate 

34 


0.01 “pyruvate 

139 




3 


167 





0.0066 m dZ-isocitrate 

20 





0.013 “ 

8 





0.005 “ cf*-aconitate 

127 





0.01 “ 

i 

123 





* Total COs minus COs evolved in the absence of enzyme, 
t Carboxylase from Micrococcus lysodeiklicus. 
t 0.01 m acetate buffer, pH 5.6, instead of citrate buffer. 

$ Pigeon liver enzyme. 

inhibitory. It has not been ascertained whether both the d and Z forms of 
isocitrate are inhibitory; if only the d enantiomorph were active, its effec¬ 
tiveness would be quite remarkable. It may be seen that 0.01 m cis- 
aconitate causes only about 25 per cent inhibition. It should be men¬ 
tioned, in this connection, that the pig heart extracts used in this work are 
practically free from aconitase. 

In view of the above results, it was deemed of interest to investigate the 
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effect of Z-malate and fumarate on oxalacetic carboxylase. Two different 
enzyme preparations were used, the partially purified enzyme from Micro¬ 
coccus lysodeikticus and a purified preparation from pigeon liver free from 
furoarase (7). The results (Table III, Experiments 4 and 5) show that 
0.02 m Z-malate is strongly inhibitory in both cases. There was no signifi¬ 
cant inhibition by 0.02 m fumarate with the pigeon liver enzyme, but it 
inhibited in the case of the bacterial enzyme; this latter result might be due 
to the presence of fumarase in the preparation. 

Since inhibition of the enzymatic decarboxylation of OSA and OAA by 
isocitrate and malate, respectively, might-be due in part to binding of 
Mn ++ by the hydroxy acids, their effect on the decarboxylation catalyzed 
by A1+++ (1) was tested. A1+++ was used because, in the absence of en¬ 
zyme, it is much more effective than Mn++ in accelerating the decarboxyla¬ 
tion of the two /3-keto acids. The initial rate of the Al +++ decarboxylation 
of OSA and OAA was inhibited 25 per cent by 0.02 m dZ-isocitrate and 35 
per cent by 0.02 m malate respectively. This suggests that, while same 
inhibition of the enzymatic decarboxylation may be due to binding of MB++ 
by the hydroxy acids, the main mechanism is competition between hydroxy 
acid and keto acid for the enzyme. This is further proof of the remarkable 
structural specificity of these enzymes with regard to their substrates. 
Lwoff et al. (8) have recently shown that the decarboxylation of OAA by 
resting cell suspensions of a mutant strain of MoraxeUa Iwoffi, is strongly 
inhibited by malate. 

The activity of oxalosuccinic carboxylase remains unchanged after dialy¬ 
sis against running tap water up to 12 hours. When precipitated by ace¬ 
tone at low temperatures, the activity can be recovered almost quantita¬ 
tively in an aqueous solution of the precipitate. Acidification of the 
dialyzed extracts to pH 5.2 at 0° causes some flocculation and the almost 
complete disappearance of oxalosuccinic carboxylase activity from the 
supernatant. No activity could be recovered by redissolving the precipi¬ 
tate in water with the help of a few drops of dilute alkali (to pH about 7.4) 
either in testing this solution alone or in combination with the supernatant. 
Work on the purification of the enzyme is in progress. 

Distribution —All of the enzyme extracts, with the exception of those from 
pigeon liver, were prepared and dialyzed as described in the section “Meth¬ 
ods.” Pigeon liver extracts were prepared as described by Evans, 
Vennesland, and Slotin (4) and were used without previous dialysis. For 
calculation of the Qco, values, the protein content of the extracts was de¬ 
termined by the biuret reaction according to Robinson and Hogden (9).. 
Table IV shows the results of tests of oxalosuccinic carboxylase activity in 
extracts of various tissues and, for comparison, those of corresponding tests 
far oxalacetic carboxylase. The latter tests were carried out either with 
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citrate buffer, pH 5.6, i.e. under the conditions of the oxalosuccinic car¬ 
boxylase tests, or with acetate buffer, pH 5.0, according to the method of 
Evans, Vennesland, and Slotin (4). 

It will be observed that oxalosuccinic carboxylase is widely distributed 
in animal tissues. Among the tissues tested, pig heart, pigeon breast 
muscle, and pig kidney exhibited the highest activity. The high activity 
of heart and pigeon breast muscle indicates that the enzyme is present in 
high concentrations in tissues having a very active, and predominantly 

Table IV 

Distribution of Oxalosuccinic Carboxylase in Animal Tissues 
Tests with citrate buffer, 0.018 m citrate buffer, pH 5.6, and 3.6 micromoles of 
MnCls made up,with enzyme, substrate, and water, to a volume of 2.8 cc. Tests 
with acetate buffer, 0.025 m acetate buffer, pH 5.0, and 1.0 micromoles of MnCls 
made up with enzyme, substrate, and water, to a volume of 2.0 cc. Gas, air; tem¬ 
perature, either 14-16° (oxalosuccinic carboxylase tests) or 25° (oxalacetic carboxyl 
ase tests). Substrates (oxalosuccinate, 18 micromoles; oxalacetate, 28 micromoles) 
tipped in from side bulbs of Warburg vessels after temperature equilibration. Qco 2 
■* c.mm. of CO* evolved (in excess of samples without enzyme) per hour and mg. of 
protein, calculated for the first- 5 minutes after addition of substrate. 


TisRue 

Qcq 2 oxalosuccinate 

<?co 5 oxalacetate 

(citrate buffer) 

Citrate buffer 

Acetate buffer 

Pig heart.. 

840 

3 

0 

Pigeon breast muscle. 

740 

5 

0 

Pig kidney. 

230 

14 

0 

“ liver. 

i 80 

20 

8 

Pigeon liver*. 

! 60 

13 

52 

Ox brain... 

94 

47 


Monkey hrainf. 

45 

17 



* Enzyme prepared by the method of Evans, Vennesland, and Slotin (4). 
t Acetone powder prepared in a Waring blendor (kindly supplied by Dr. E. 
Hacker). 


aerobic, type of metabolism. On the other hand, as already pointed out 
by Evans et al . (4), oxalacetic carboxylase exhibits a more restricted distri¬ 
bution and, under the conditions chosen for extraction and testing, the 
enzyme appears to be absent from muscle, whether cardiac or skeletal 
fef- (4)). When tested by the method of Evans et al ., with acetate buffer 
of pH 5.0, pigeon liver is the only tissue having a marked oxalacetic carboxy¬ 
lase activity. Vennesland et al. (10) have recently demonstrated the 
presence of oxalosuccinic carboxylase in parsley root preparations. 

The high oxalosuccinic carboxylase activity of pig heart and pigeon breast 
muscle extracts and the relatively low activity of the same enzyme in 
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pigeon liver extracts call for some comment. Moulder, Vennesland, and 
Evans (11) discovered that pigeon liver extracts catalyze a dismutation 
between citrate and pyruvate, to yield a-ketoglutarate, CO*, and lactate, 
whereas pig heart or pigeon breast muscle extracts failed to catalyze such 
a reaction unless supplemented with a partially purified preparation of 
oxalacetic carboxylase from pigeon liver. This result was considered as 
indirect proof for the existence of an oxalosuccinic carboxylase in pigeon 
liver. It is clear from our results that the failure of pig heart and pigeon 
breast muscle extracts to catalyze the above dismutation cannot be due to 
lack of oxalosuccinic carboxylase. In this laboratory, we have succeeded 
in obtaining the Evans dismutation with pig heart extracts, supplemented 
with lactic dehydrogenase, by use of isocitrate rather than citrate (12). 

Methods 

Preparation of Extracts —Phosphate extracts of washed, acetone-dried 
tissues were prepared by the method described by Straub (13) to obtain 
solutions of malic dehydrogenase. These extracts were dialyzed against 
running tap water for at least 6 hours, and a small amount of precipitate, 
formed on dialysis, was removed by centrifugation at low temperature. 
The extracts lose activity only very gradually if kept at 4°, and can be used 
for several days. Extracts prepared in this way from pig heart contain 
from 3 to 5 mg. of protein per cc. The heart muscle extracts are rich in 
oxalosuccinic carboxylase and isocitric and malic dehydrogenases; they are 
practically free from both lactic dehydrogenase and aconitase, which are 
largely removed by the preliminary washing of the minced tissue and 
destroyed (especially aconitase) by the acetone treatment. Their content 
of L-glutamic dehydrogenase is also very low. 

Manometric Teste-Details of the manometric tests for oxalosuccinic 
carboxylase are given in the tables and figures. After the various reaction 
components exqppt the enzyme are measured into the main space of the 
Warburg vessels, the vessels are placed on ice. The OSA solution is pre¬ 
pared at this time as described in Paper I (1) and, after measuring the en¬ 
zyme into the main space, the ice-cold oxalosuccinate is placed in the side 
bulbs. The temperature of the bath is maintained at between 14-18°. 
Oxalosuccinate is tipped in after 5 minutes of temperature equilibration. 
A blank is always run without enzyme to determine the rate of spontaneous 
decarboxylation of OSA. The pH of the buffer (5.6) must be carefully 
controlled, because at pH 5.2 flocculation and inactivation of the carbox¬ 
ylase occur. 

On the basis of results obtained in a spectrophotometric study of the 
decarboxylation of OSA (6), a very sensitive and rapid optical test has been 
developed for oxalosuccinic carboxylase. 
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SUMMARY 

The decarboxylation of oxalosuccinic acid to a-ketoglutaric acid and 
carbon dioxide is markedly accelerated by an enzyme present in extracts of 
washed, acetone-dried pig heart, pigeon breast muscle, pig kidney, and 
other animal tissues. Oxalosuccinic carboxylase is thermolabile and re¬ 
quires manganous ions for activity. The enzyme is specific for oxalo¬ 
succinic acid; it does not act on oxalacetic acid. 

The enzymatic decarboxylation of oxalosuccinic acid is strongly inhibited 
by isocitric acid in a competitive manner; citric, a-ketoglutaric, oxalacetic, 
and pyruvic acids do not inhibit, while czs-aconitic acid is weakly inhibitory. 

Oxalacetic carboxylase does not act on oxalosuccinic acid. The enzy¬ 
matic decarboxylation of oxalacetic acid is strongly inhibited by malic acid. 

Our thanks are due to Mr. Morton C. Schneider for technical assistance. 
We are indebted to Mr. Alan H. Mehler for the purified oxalacetic carboxyl¬ 
ase from Micrococcus lysodeikticus 
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BIOSYNTHESIS OF TRICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION 

III. ENZYMATIC MECHANISMS* 
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(From the Departments of Chemistry and Medicine , New York University 
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As first shown by Martius, the biological breakdown of citric acid pro¬ 
ceeds through d-isocitric acid 1 to a-ketoglutaric acid and carbon dioxide 
(1-3). The conversion of citric to isocitric acid is catalyzed by aconitase 
(4-6) and occurs according to Reaction 1, where the figures in brackets 
give the percentage of the three reactants at equilibrium according to 


Martius and Leonhardt (7). 
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COOH 
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Citric acid (89.2%) cts-Aconitic acid (3.1%) d-Isocitric acid (7.7%) 

By analogy with other hydroxy acid dehydrogenases, Martius (1) pos¬ 
tulated that isocitric acid would first be dehydrogenated to the corre¬ 
sponding keto acid, i.e. oxalosuccinic (a-keto-jS-carboxyglutaric) acid, and 
assumed that this 0-keto acid would rapidly undergo non-enzymatic de¬ 
carboxylation to a-ketoglutaric acid and C0 2 (Reaction 2). 

* Aided by grants from the Rockefeller Foundation, the Penrose Fund of the Amer¬ 
ican Philosophical Society, the Williams-Waterman Fund of the Research Corpora¬ 
tion, and Hoffmann-La Roche, Inc. 

1 1 am greatly indebted to Dr. H. B. Vickery for calling my attention to the fact 
that, since aqueous solutions of natural free isocitric acid are dextrorotatory (although 
the acid becomes strongly levorotatory in the presence of molybdenum salts), the 
naturally occurring isomer should be designated as d-isocitric acid according to the 
nomenclature at present in use. It was through overlooking this fact that natural 
isooitric acid was erroneously referred to as {-isocitric acid in previous publications 
(9,14, 19). 
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Wagner-Jauregg and Rauen (8) found that the activity of isocitric 
dehydrogenase was increased by crude “codehydrogenase” preparations 
from red blood cells which presumably contained both diphosphopyridine 
nucleotide (DPN) and triphosphopyridine nucleotide (TPN). 

Using a spectrophotometric technique, Adler, von Euler, Gunther, and 
Plass (3) found that isocitric dehydrogenase catalyzes the reduction of 
TPN, but not that of DPN, by isocitric acid, and further that the system 
requires either Mg ++ or Mn ++ , the latter being much more effective. The 
formulation of Martius was accepted but no evidence was obtained for 
the occurrence of two separate steps; i.e., dehydrogenation and decarboxyla¬ 
tion. The point of action of Mn++ (which was thought to be concerned 
with the dehydrogenation step) and the possible reversibility of the reac¬ 
tion also remained matters for speculation. Their results were summarized 
in Reactions 2, a and 2, b. 


(2, a) 


Isocitric acid 4 TPN 0 


(Isocitric dehydrogenase) 
+Mn H or Mg ++ 


oxalosuccinic acid 4 TPNrod. 

(2,6) Oxalosuccinic acid —> a-ketoglutaric acid 4- CO 2 

As previously reported (9), we were able to show that the biological con¬ 
version of isocitric acid to a-ketoglutaric acid and CO 2 is the result of two 
distinct, reversible enzyme-catalyzed reactions (Reactions 3 and 4). 

(Isocitric dehydrogenase) 

(3) d- Isocitric acid 4- TPN ox . «- —TT._ > oxalosuccinic acid 4 TPN r „d. 

t 

(Oxalosuccinic carbox ylase) 

(4) Oxalosuccinic acid ~ 4Mn++ * a-ketoglutaric acid 4- C0 2 


The net result of Reactions 3 and 4 is the over-all reaction, No. 5. 


(5) d-Isocitric acid 4- TPN 0 x. ( 4Mn 4t a-ketoglutaric acid 4 C0 2 4 TPN r «i. 

The above reactions readily occur in dialyzed extracts of washed, ace- 
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tone-dried pig heart. Reaction 5 can be followed spectrophotometrically 
at 340 m/x, as was done by Adler et al. (3), owing to the absorption of light 
of this wave-length by the reduced pyridine nucleotide (10). Its progress 
in either direction is easily followed in this way. Reaction 3 occurs in 
the absence of Mn^ 4 * and is also followed optically. Its reversibility is 
shown by the oxidation of TPNwd, on addition of synthetic oxalosuccinate 
(11). Reaction 4 can be demonstrated by manometric methods to run 
from left to right, i,e. in the direction of decarboxylation of oxalosuccinic 
acid, in the presence of enzyme and Mn 44 (12). Since the over-all Reac¬ 
tion 5 is reversible, Reaction 4 must also be reversible. 

The finding of Adler et al., t (3) that the system is strictly specific for 
TPN was confirmed. Not only is there no reaction with DPN, but the 
presence of the latter in equimolar concentration does not alter the rate of 
reduction of TPN, indicating that the isocitric dehydrogenase of pig heart 
does not significantly bind DPN. Also, in confirmation of Adler et al ., 
inorganic phosphate was found to be inhibitory. 

- The facts just outlined suggest that Reactions 3 and 4 are catalyzed by 
two distinct enzymes, isocitric dehydrogenase and oxalosuccinic carboxyl¬ 
ase respectively. However, since no separation of the two activities has 
yet been accomplished after partial purification by fractionation with 
ammonium sulfate, final decision on this point must await further purifica¬ 
tion. 

It has been possible to determine the equilibrium constants of Reactions 
3 and 5 from which the equilibrium constant of Reaction 4 can be calcu¬ 
lated. The equilibrium of Reaction 5 is so far to the right that, as already 
observed by Adler et aZ., if TPN is present in excess practically all the 
d-isocitric acid is converted to a-ketoglutaric and CO 2 . This fact makes 
possible a rapid and sensitive enzymatic determination of isocitric acid. 

As is evident from a consideration of Reaction 5, its equilibrium can be 
shifted to the left, i.e. toward C0 2 fixation, by linking it to another de¬ 
hydrogenase system, of suitable oxidation-reduction potential, capable of 
reducing TPN ox .. This has been accomplished by means of the glucose-6- 
phosphate dehydrogenase system of Warburg and Christian (13). The 
following reactions then occur. 

(6) Glucose-6-phosphate + TPN 0 x. +=* 6-phosphogluconic acid + TPNred. 

(7) oe-Ketoglutaric acid + CO* + TPNred. isocitric acid •+■ TPN«. 

The net result of Reactions 6 and 7 is the TPN-linked dismutation, Reac¬ 
tion 8. 

(8) Glucose-6-phosphate + a-keioglutaric acid + C0 2 *=* 6-phospho¬ 

gluconic acid + isocitric acid 
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Further shifting of the equilibrium in the direction of CO* fixation occurs 
in the presence of aconitase, since over 90 per cent of the isocitric acid is 
then removed to form cts-aconitic and citric acids (c/. Reaction 1). Be¬ 
cause the aconitase equilibrium is so far in favor of citric acid, the over-all 
reaction thus obtained can be written 

(9) Glucose-6-phosphate + a-ketoglutaric acid + CO* 6-phospho- 

gluconic acid + citric acid 

The isocitric dehydrogenase-oxalosuccinic carboxylase-aconitase system 
can thus play an important part in the biological utilization of CO 2 and 
may be concerned in the processes of chemosynthesis and photosynthesis. 
The enzymes involved are known to be widely distributed in animal, plant, 
and bacterial cells. 

Results 

Properties of Enzyme System —Quartz absorption cells, of 1.0 cm. light 
path, were used throughout this work. The blank cell, for setting at 100 
per cent transmission of light, received exactly the same additions as the 
experimental cell with the exception of TPN which was replaced by an 
equal volume of water. The final volume of the reaction mixtures was 
3.0 cc. The optical measurements were carried out, at room temperature, 
in the Beckman spectrophotometer. The reaction was usually started by 
adding TPNox. to a mixture of isocitrate and enzyme in glycine buffer, 
pH 7.3. There is no reaction when either isocitrate, TPN, or enzyme is 
omitted. 

As already pointed out by Adler et al . (3), the affinity between isocitric 
acid and its dehydrogenase is extremely high; under the conditions of the 
optical test, Reaction 5 still proceeds at optimum rates with concentra¬ 
tions of d-isocitrate as low as 1.2 X 10~ 5 m. Since only 50 per cent of the 
synthetic dZ-isocitric acid used throughout this work was found to react 
with TPN in the presence of the dehydrogenase, the concentrations of iso¬ 
citrate given in Table I and Figs. 1 to 5 are one-half of the actual concentra¬ 
tion used. Martius (1) has shown that levorotatory (in the presence of 
molybdenum salts; see foot-note 1) isocitric acid is formed by the 
action of aconitase on citric acid; hence d-isocitric acid is the natural form. 

The heart extracts used in this work are practically free from aconitase;, 
so that, at the dilutions obtaining in the optical test, there is no reaction 
with either citric or cis-aconitic acid, unless aconitase is added. This is 
illustrated in Fig. 1. These tests were carried out in the presence of added 
Mn ++ ; i.e.y under conditions in which Reaction 5 is obtained. Curve 1 
shows the course of the reaction with isocitric acid, Curves 2 and 3 with 
m-aconitic and citric acids respectively; these two compounds react only 
after addition of aconitase at the time indicated by the arrow. 
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The amount of heart extract used for each test in the experiments of 
Fig. 1 (0.05 cc.) was much higher than usual, in order to insure an excess 
of isocitric dehydrogenase. For most 0.01 to 0.02 cc. is used. The heart 
extracts contain on the average 3 to 5 mg. of protein per cc.; so that 40 to 
80 7 of protein are generally used in a test. Salt fractionation of the 
extract yielded preparations of some 4 times higher specific activity. 



Fig. 1 . Optical tests with isocitric dehydrogenase and aconitase. Reduction 
of TPNo*. determined spectrophotometrically at wave-length 340 m*i. Quartz 
cells; d «* 1.0 cm. 0.3 cc. of 0.1 m glycine buffer, pH 7.2,0.06 cc. of heart extract, and 
1.8 micromoles of MnClt, with other additions as indicated, made up with water to 
a final volume of 3.0 cc. Temperature, 21°. 0.0662 micromole of TPNa«. added at 
zero time. Curve 1, with 0.126 micromole of d-isocitrate. (Synthetic cS-isocitrate 
was used throughout in twice the amounts given for d-isocitratc. The l isomer is 
biologically inert.) Curve 2, with 1.26 micromoles of cw-aconitate. Curve 3, with 
1.26 micromoles of citrate. Aconitase (see “Methods”) added at the time indi¬ 
cated by the arrow; Curve 2, 0.02 cc.; Curve 3,0.05 cc> The aconitase fraction used 
contained 30 mg. of protein per cc. 

Isocitric Dehydrogenase —Spectrophotometric evidence for Reaction 3 
can be obtained when no Mn++ is added and is given in Fig. 2 . It will be 
seen that, with 0.0744 micromole of TPN 0 *. and 0.109 micromole of d- 
isocitrate, the reduction of TPN, which is rapid at first, gradually ap¬ 
proaches an equilibrium which is reached in about 15 minutes, when only 
about three-fourths of the nucleotide is reduced. Addition of synthetic 
oxalosuccinate at this point (Arrow 2) brings^ about rapid reversion of the 
reaction toward a new equilibrium which can again be displaced in the op¬ 
posite direction by increasing the isocitrate concentration (Arrow 4). 
At Arrow 3, addition of Mn ++ is followed by a rapid reduction of the TPN, 
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proceeding almost to completion. This indicates that Reaction 4 is now 
also in operation. The oxalosuccinate is decarboxylated and the equilib¬ 
rium obtained corresponds to that of the over-all Reaction 5, which lies 
far to the right. 

Over-All Reaction —The occurrence of Reaction 5 from left to right was 
established, as already mentioned, through the fundamental work of 



Fig. 2. Reversibility of the reaction catalyzed by isocitric dehydrogenase (Re¬ 
action 3). Reduction of TPN 0 *. and oxidation of TPN re d. determined Bpectrophoto- 
metrically at wave-length 340 m**. Quartz cells, d — 1 cm. 0.3 cc. of 0.1 M glycine 
buffer, pH 7.2, 0.01 cc. of heart extract, and 0.109 micromole of d-isocitratc, with 
other additions as indicated, made up with water to a final volume of 3.0 cc. Tem¬ 
perature, 23°. 0.0744 micromole of TPN 0 *. added at zero time. Arrow 1 indicates 
the optical density that would be obtained if all of the added TPN were reduced 
when the volume is 3.0 cc. At Arrow 2, either 0.495 micromole (Curve a) or 0.99 
micromole (Curve b) of oxKlosuccinate was added. At Arrow 3, addition of 1.8 
micromoles of MnCl*. At Arrow 4, addition of 0.545 micromole of d-isocitrate. 
Curves a and b represent separate experiments. 

Martius and Adler et al The possibility that this reaction might be re¬ 
versible was suggested by the observation that the oxidative removal of 
citric acid by heart homogenates was markedly diminished in the presence 
of arsenite, which prevents the further oxidation of the a-ketoglutarate 
formed, so that this keto acid accumulates. When the system was in¬ 
hibited by malonate instead of arsenite, citric acid was converted to suc¬ 
cinic acid + CO 2 with uptake of 1 mole of oxygen, and its removal was about 
25 per cent faster than in the presence of arsenite ((14), Table I). It was 
subsequently found in spectrophotometric experiments that a-ketoglutaric 
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acid definitely inhibited the reduction of TPN by isocitric acid in heart 
extracts. Thus, with 8.5 X 10~ 5 m isocitric acid the reaction rate was 
inhibited 26 per cent by 2.3 X 10~ 8 m and 41 per cent by 4.6 X 10~ 3 m 
a-ketoglutaric acid. 

The reversibility of Reaction 5 can be readily shown spectrophoto- 
metrically. On addition of a-ketoglutarate to a reaction mixture con¬ 
taining heart, extract, reduced TPN (TPN ro d.), Mn* 14 , and C0 2 , TPNred. is 
oxidized, indicating progress of the reaction from right to left. The main 
precaution to be observed in this type of experiment is that, owing to the 
significant absorption by a-ketoglutaric acid at 340 m/u, the measurement 
of the keto acid solution into each control and experimental absorption cell 
should be made with the greatest possible accuracy. 

Fig. 3 illustrates the effect of different concentrations ef a-ketoglutarate, 
at a constant C0 2 concentration, on the extent and rate of oxidation of 
TPN r ed.. On mixing isocitrate, TPN ox ., Mn++, and heart enzyme, in the 
presence of C0 2 -containing bicarbonate and glycine buffer, the pyridine 
'nucleotide is rapidly reduced. Since at this point the total volume of 
3.0 cc. has not yet been reached, the optical density of the solution is a 
little higher than that corresponding to reduction of all of the TPN present 
when in a volume of 3.0 cc. (indicated by Arrow 1). Addition of a-keto¬ 
glutarate is indicated by Arrow 2. The sensitive dependence of Reaction 
5 on the concentration of C() 2 is illustrated by the effect of passing nitrogen 
through the reaction mixture to expel some C0 2 . This is immediately 
followed by reduction of TPN and readjustment of equilibrium (Fig. 3, 
Curve c, Arrows 3 and 4). Fig. 4 illustrates the effect of different concen¬ 
trations of C0 2 on the reversal of Reaction 5. The slow oxidation of TPN 
that occurs on addition of a-ketoglutarate without previous addition of 
bicarbonate-C0 2 is undoubtedly due to the presence of some C0 2 , partly 
because no special precautions were taken to use C0 2 -free solutions and 
partly because of C0 2 formed from isocitric acid during the preliminary re¬ 
duction of TPN. It may be seen that, for a given concentration of a- 
ketoglutarate, the rate and extent of oxidation of TPN n<J . are markedly 
dependent on the concentration of C0 2 . 

The need of Mn*^ for reversal of Reaction 5 is illustrated in Fig. 5. 
Curve a (Arrow 2), given for comparison, represents the course of Reac¬ 
tion 5 from the beginning (since Mn H was present from the beginning). 
Curve b , in the absence of Mn ++ , represents the course of Reaction 3. 
On addition of a-ketoglutarate, at Arrow 3, only a very slow oxidation of 
TPN re d. occurs, probably owing to the presence of traces of Mn++ or Mg++ 
in the reaction mixture. However, on addition of Mn++ (at Arrow 4) 
the rate of oxidation of the reduced nucleotide is significantly increased, 
and the reaction tends to reach equilibrium at the same TPN 0 x.:TPNr«d. 
ratio as in the control Curve a. 
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Similar results to those so far described in this section are obtained if 
TPNox. is reduced by the glucose-6-phosphate dehydrogenase system 



Fig. 3. Reversibility of the over-all Reaction 5. Spectrophotometric determina¬ 
tions as in Figs. 1 and 2. 0.3 cc. of 0.1 M glycine buffer, pH 7.2,0.3 cc. of 0.1 MNaHCOj 
previously saturated with 100 per cent C0 2 , 0.01 cc. of heart extract, 1.8 micromoles 
of MnClj, and 0.109 micromole of d-isocitrate, with other additions as indicated, 
made up with water to a final volume of 3.0 cc. Temperature, 22-24°. 0.0744 micro¬ 
mole of TPNox. added at zero time. Arrow 1 as in Fig. 2. At Arrow 2, addition of 
a-ketoglutarate; Curve o, 3.42 micromoles; Curve 5, 6.84 micromoles; Curve c, 41.2 
micromoles. At Arrows 3 and 4, a fine stream of nitrogen was blown through the 
reaction mixture for 1 minute to expel C0 2 . Curves a, 6, and c represent separate 
experiments. 

Fig. 4. Effect of varying concentrations of carbon dioxide on Reaction 6. Spec¬ 
trophotometric determinations as in Figs. 1 and 2. 0.3 cc. of 0.1 m glycine buffer, 
pH 7.2, 0.01 cc. of heart extract, 1.8 micromoles of MnCl 2 , and 0.109 micromole of 
d-iBOcitrate, with other additions as indicated, made up with water to a final volume 
of 3.0 cc. Temperature, 22-24°. 0.0744 micromole of TPNox. added at zero time. 
Arrow 1 as in Fig. 2. At Arrow a, addition of 13.7 micromoles of a-ketoglutarate; 
Curve la, no NaHCO*-C0 2 present; Curve 2a, 0.15 cc. of 0.1 m NaHCOa-C0 2 (0.1 m 
solution of NaHCOi previously saturated with 100 per cent C0 2 at room temperature) 
present in the reaction mixture from the beginning; Curve 3a, 0.3 cc. of 0.1 m NaHCOi- 
COi present from the beginning. At Arrow 6, addition df 34.3 micromoles of a- 
ketoglutarate; Curve lb, no NaHC0 2 -C0 2 present; Curve 2b, 0.3 cc. of 0.1 m NaHCOi- 
COi present from the beginning. At Arrow c, addition of 0.1 cc. of 0.1 m NaHCOs-COj. 
Curves la, 2a, 3a, lb, and 2b represent separate experiments. 

(Reaction 6). This procedure has the advantage that the enzyme system 
used for the preliminary reduction of TPN 0 *. is different from the one used 
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to oxidize TPN re d. and, once TPN is reduced, addition of Mn^, a-keto- 
glutarate, and bicarbonate-C02 is without effect until the heart extract, 
containing the isocitric dehydrogenase system, is added. Thus, it serves 
as a control of the experiments previously discussed in this section. This 
type of experiment is illustrated in Fig. 6. At time zero, TPN ox . was added 
to a mixture of glucose-6-phosphate and glucose phosphate dehydrogenase 
(Zwischenferment) in glycine buffer of pH 7.5, and the nucleotide was 



Fig. 5. Necessity of manganous ions for reversal of Reaction 5. Spectrophoto- 
metric determinations as in Figs. 1 and 2. 0.3 cc. of 0.1 m glycine buffer, pH 7.2, 
0.3 cc. of 0.1m NaHC0 3 previously saturated with 100 per cent COj, 0.01 cc. of heart 
extract, and 0.10b micromole of d-isocitrate, with other additions as indicated, made 
up with water to a final volume of 3.0 cc. Temperature, 22-23°. 0.0744 micromole 
of TPNox. added at zero time. Arrow 1 as in Fig. 2. Curve a, 1.8 micromoles of 
MnClj present from the beginning. Curve 6, no MnClj present at the beginning. 
At Arrows 2 and 3, addition of 27.4 micromoles of a-ketoglutar&te. At Arrow 4, 
addition of 1.8 micromoles of MnCl 2 . 

rapidly reduced as indicated by the increase in optical density. That the 
optical density reached is higher than that corresponding to complete 
reduction of the nucleotide present when in a volume of 3.0 cc. is again due 
to the fact that the volume of the reaction mixtures at this time is less than 
3.0 cc. pending addition of further reactants. It will be observed that on 
addition, at Arrow 2, of a-ketoglutarate, MnClj, and COrsaturated sodium 
bicarbonate there is an immediate drop of the optical density due to dilu¬ 
tion of the reaction mixture. There is no other change, however, until, at 
Arrow 3, heart extract is added, when a rapid oxidation of TPN sets in 




142 


BIOSYNTHESIS OF TRICAHBOXYMC ACIDS, m 


(Curve a) until a balance is reached when the reduction of TPN 0X . by Reac¬ 
tion 6 is compensated by the oxidation of TPN m j. by Reaction 7. The 
over-all reaction occurring under this condition is Reaction 8 , which will 
be discussed in more detail in a following section. Curve b was obtained 



Fig. 6. Demonstration of the reversibility of Reaction 5 with the glucose-6- 
phosphate dehydrogenase system for the preliminary reduction of TPN. Spectro- 
photometric det ^rminations as in Figs. 1 and 2. 0.3 cc. of 0.1 m glycine buffer, pH 
7.6, 0.2 cc. of glucose phosphate dehydrogenase (5 mg. per cc.), and 3.23 micromoles 
of glucose-6-phosphatc, with other additions as indicated, made up with water to a 
final volume of 3.0 cc. Temperature, 22-23°. 0.0744 micromole of TPN„. added at 
zero time. Arrow 1, as in Fig. 2. At Arrow 2, addition of 0.3 cc. of 0.1 m NaHCOa 
previously saturated with 100 per cent C0 2 , 1.8 micromoles of MnCl 2 , and 34.3 micro¬ 
moles of a-ketoglutarate (Curve a) (decrease of optical density at this point is caused 
ty the dilution of the reaction mixture to almost its final volume of 3.0 cc.). 
At Arrow 3, addition of 0.02 cc. of heart extract. Curve b , no MnCl 2 added at Arrow 2; 
1.8 micromoles of MnCl 2 added at Arrow 5. Curve c, no a-ketoglutarate added at 
Arrow 2; addition of 34.3 micromoles of a-ketoglutarate at Arrow 4. 

on addition of heart extract, at Arrow 3, to a reaction mixture to which no 
Mn+ + was added, at Arrow 2 . Even though there is a marked drop of 
optical density, it is not as rapid as that of Curve a, indicating that the 
Mn++ concentration is limiting. In fact, addition of Mn+ + , at Arrow 5, 
markedly speeds up the reaction. This again shows that Mn ++ is needed 
for reversal of Reaction 5. The fact that, in these experiments, the reac¬ 
tion occurs without Mn++ addition is probably due to the presence of Mn+ + 
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(and Mg 4 " 4 *) in the crude preparation of Zmschenferment . Curve c corre¬ 
sponds to a sample which had not received a-ketoglutarate at Arrow 2. 
The drop of optical density on addition of heart extract at Arrow 3 is again 
due to dilution of the reaction mixture; then the absorption remains sta¬ 
tionary until, at the time indicated by Arrow 4, a-ketoglutarate is added. 

The reversibility of Reaction 5 has been recently confirmed by Grisolia 
and Vennesland using C 14 0 2 (15). The reaction has also been found to 
occur in parsley root preparations (16). 

Equilibrium Constants —The equilibrium constant of Reaction 5 can be 
easily determined by the spectrophotometrie method, since, within certain 
limits, if the initial concentration of reactants is known, thfe concentra¬ 
tions at equilibrium will be determined by the ratio TPN 0 x.:TPNred.* 

The measurements were carried out as follows: To the absorption cells 
were added isocitrate, a-ketoglutarate, 0.02 m NaHCOj (equilibrated with 
the desired mixture of nitrogen and carbon dioxide), MnCl 2 , heart extract, 
and water to make a volume of 2.9 cc., and the solutions were equilibrated 
♦with the N 2 -CO 2 gas mixture which was bubbled through the reaction mix¬ 
tures in a fine stream for 3 minutes. After a zero time reading of the op¬ 
tical density was taken, 0.1 cc. of water was added to the blank and 0.1 
cc. of TPN to the experimental cell; the reaction mixtures were again gassed 
for 2 minutes and the cells were closed with their covers, a little vaseline 
being used on the lids to insure tight closure. Readings were then taken 
until the optical density remained constant, indicating attainment of 
equilibrium; with the amount of heart extract used this occurred within 
3 to 4 minutes. The measurements were carried out at room temperature 
(21-23°), no special precautions being taken to insure temperature con¬ 
stancy in the absorption cells. The concentrations of CO 2 and bicarbonate 
in each experiment w r ere so chosen that, from the Henderson-Hasselbalch 
equation, pH 6.87 should be obtained assuming pKi = 6.14. The pH of 
the reaction mixtures was always determined with the glass electrode at 
the end of each run and varied between pH 6.8 and 7.1. 

The concentrations of d-isocitric acid in the solutions used for these 
experiments were previously determined enzymatically as described under 
“Methods.” Since the concentrations of a-ketoglutarate and CO 2 are 
very large by comparison with those of TPN and isocitric acid, their varia¬ 
tion in a given experiment can be neglected; hence they have been assumed 
to be constant in the calculation of the individual equilibrium constants. 
The value used for the CO 2 concentration was the one calculated from the 
absorption coefficient (a) of CO 2 by water, at the experimental temperature 
and CO 2 partial pressure corrected for the water vapor pressure. The 
average room temperature of 22 ° was used in this calculation. This value, 
expressed as (H 2 C0 3 ), gives the total concentration in solution of free C0 2 
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as well as of undissociated H 2 CO s . Since the equilibrium of Reaction 4 
is probably dependent on the concentration of free CO 2 in solution, the 
values for the constants obtained from (H 2 C0 3 ) must be considered to 
contain the hydration equilibrium constant of C0 2 . 

The results of a series of measurements, in which the concentrations of 
CO* and a-ketoglutarate were varied within wide limits, are given in Table 
I. The average value for the equilibrium constant ( K 0 ) of the over-all 

Table I 

Equilibrium Constant of Over -All Reaction d-lsocitric Acid -f TPN 0 x. <=*a- 
Ketoglutaric Acid + CO% + TPN r ed . (Reaction 5) 

0.02 cc. of heart extract, 1.8 micromoles of MnCl 2 , and various amounts of 0.2 
m NaHCOj made up to a volume of 3.0 cc. with additions as indicated. Gas, N* 
with various concentrations of CO 2 ; temperature, 21-23°; pH of reaction mixtures 
at the end of the experiment 6.8 to 7.1. Quartz cells; d » 1.0 cm. 


Ex- 

peri- 

Con- 
ce©i ra¬ 
tion 

6 

Initial concentration of reactants, 
moles X 10“’ per cc. 

Concentration of reactants 
at equilibrium, 
moles X 10“ 7 per cc. 

K 

ment 

No. 

of COi 
in gas 
mixture 

5 

5 , 

TPNo*. 

a-Keto- 

glu- 

tarate 

(HtCO,) 

*££■ TPN ^- TPN o« 




moles 







percent 

x 10-1 





X 10 “« 



per cc. 


! 




1 

6.0 

100 

0.2392 0.2724 

114.0 

18.6 

0.1662 0.1062 0.1330 

0.98 

2 

6.0 

100 

0.2392 0.5448 

114.0 

18.6 

0.3798 0.1650 0.0742 

0.81 

3 

6.0 

100 

0.2392 0.2724 

45.6 

18.6 

0.1464 0.1260 0.1132 

1.65 

4 

6.0 

100 

0.2392 0.2724 

45.6 

18.6 

0.1514 0.1210 0.1182 

1.75 

5 

6.0 

100 

0.2392 0.2724 

22.8 

18.6 

0.1146 0.1578 0.0814 

1.39 

6 

10.0 

200 

0.2392 0.2724 

91.2 

37.3 

0.1997 0.0727 0.1665 

1.34 

7 

21.0 

420 

0.2392 0.2724 

22.8 

78.0 

0.1751 0.0973 0.1419 

j 1.43 

8 

32.0 

640 

0.2392 0.2724 

22.8 

118.0 

0.1848 0.0876 0.1516 

1.19 

9 

47.0 

940 

0.2392 0.5448 

45.6 

174.0 

0.4873 0.0575 0.1817 

1.94 

10 

2.8 

56 

0.2392 0.2724 

114.0 

10.6 

0.1314 0.1410 0.0982 

0.76 

Average. 

1.32 


Reaction 5, at the pH and temperature given, was 

^ (d-Isocitrate) (TPN 0 *.) 

0 (a-Ketoglutarate) (HiCO*) (TPN r «d.) " 


1.3 X 10-* 


The rather large variations between individual values may be due, in part, 
to the variations in temperature between individual experiments. It 
may be pointed out that Reaction 5 should more properly be written 

d-Isocitrate 1 ” + TPN + a-ketoglutarate“ -f* CO* + TPNH 


The equilibrium constant of Reaction 3 can be determined in the same 
manner. However, the instability of oxalosuccinic acid makes an accurate 
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estimation of this constant rather difficult, and it seems desirable to post¬ 
pone such measurements until purer preparations of isocitric dehydrogenase 
become available. An approximate estimate has, however, been obtained 
from data such as those used in Fig. 2. The approximate value of Ki * 
((d-isocitrate) (TPNox.)/(oxalosuccinate) (TPN re d.)) was about 0.3 at pH 
7.2 and 23°. 


Table II 

Enzymatic Identification of d-Isocitric Acid Formed by Reaction 8 
1.0 cc. of heart extract and 2.0 cc. of glucose phosphate dehydrogenase (5 mg. per 
cc.) made up to 16.0 with additions including 64 micromoles of glucose-6-phosphate, 
680 micromoles of a-ketoglutaric acid, 1.3 micromoles of TPN, 2.0 micromoles of 
MnCh, glycine buffer, pH 7.5 (final concentration 0.018 m), and 6.0 cc. of 0.1 m 
N aHCOs previously saturated with 100 per cent CO* at 20°. pH of reaction mixture 
7.2. After incubation for 1 hour at 20°, protein was precipitated with trichloroacetic 
acid, the supernatant was treated with barium acetate, and the barium salts were 
fractionated as described in the text. The fraction of barium salts insoluble in 35 
per cent ethanol at pH 7.3 was used. It was dissolved in dilute HC1, the barium was 
removed with Na 2 S(> 4 , and the solution neutralized to pH 7.3 with dilute NaOH. 
Aliquots of this solution were incubated with the aconitase preparation described 
in the section “Methods.” 



Time of incu¬ 
bation with 
aconitase at 25* 

d-Isocitric acid 
found* 

Citric acid 
foundf 


min. 

y 

7 

Experiment 1. 1 cc. aliquot + 1 cc. aconi- 

0 

182.0 


tase 

5 

12.6 


Experiment 2. 3 cc. aliquot -f 3 cc. aconi¬ 

0 

546.0 

45.0J 

tase 

10 


450.0 


* Determined enzymatically with isocitric dehydrogenase, 
t Determined chemically. 

t Approximate value; too low for accurate determination. 


The equilibrium constant ( K c ) at pH 7.2 of the carboxylase reaction, 
i.e. Reaction 4, can be calculated from the values of K 0 and Ki . 

(Oxalosuccinate) Ko 1.3 X 10~“ * 

Ke (a-Ketoglutarate) (CO*) " Ki “ 0.3 * * x 1 

This value is close to that of 0.2 X 10~ 3 calculated from free energy data 
by Evans, Vennesland, and Slotin (17) for the reaction catalyzed by oxal- 
acetic carboxylase; i.e., oxalacetate ?=* pyruvate + CO*. 

Dismutation between Glucose-6-phosphate and a-Ketoglutarate + CO*—As 
mentioned above, the synthesis of isocitric acid by reversal of Reaction 5 
can be markedly increased by dismutation with glueose-6-phosphate (Re¬ 
action 8). Under these conditions enough isocitric acid is obtained for 
identification. Table II presents such an experiment. After incubation, 



146 


BIOSYNTHESIS OF TRICARBOXYLIC ACIDS. JU 


the reaction mixture was deproteinized with an equal volume of 10 per 
cent trichloroacetic acid, and the supernatant was cooled in ice and neu¬ 
tralized with NaOH to pH 0.0. After 5 cc. of 25 per cent barium acetate 
were added, and sufficient dilute NaOH to bring the pH to 7.3, a small 
amount of precipitate was centrifuged off and discarded. The supernatant 
yielded, on addition of 0.5 volume of ethanol, 69.8 mg. of a crude barium 
salt which contained 2.2 mg. of d-isocitric acid as determined enzymatically. 
Addition of another 0.5 volume of ethanol yielded 69.3 mg. of barium salt, 
with only traces of isocitric acid. As is shown in Table II, an aliquot of 
the first barium salt containing 182 y of d-isocitric acid, determined en- 

Table III 

Enzymatic Synthesis of Tricarboxylic Acid by Disrnutation between a-Ketoglutar- 
ate 4* CO 2 and Glucose-6-phosphate, with and without Aconitase (. Enzy¬ 
matic Determination of Isocitric and Total Tricarboxylic Acids ) 

0.2 cc. of heart extract and 0.6 cc. of glucose phosphate dehydrogenase (5 mg. 
per cc.) made up to 2.0 cc. with additions including 25 micromoles of glucosc-6-phos- 
phate, 0.15 micromole of TPN, 34 micromoles (5 mg.) of a-ketoglutaric acid, and 
80 micromoles of NallCOa. Gas, 80 per cent N 2 and 20 per cent C0 2 ; pH 7.0; tem¬ 
perature 25°. The reaction was started by tipping in a-ketoglutarate from the side 
bulb of Warburg vessels after temperature equilibration. 


Expeii- 

ment 

Sample 

Tricarboxylic 

acid 

determined 

Tricarboxylic acid formed 

No. 

10 

20 

60 

120 

__ 



min. 

min. 

min. 

min. 


1 


7 

7 

7 

7 

1 

No rtcouitiise; 2 micromoles MnCl 2 | 

Isocitric 

151 

202 

270 

325 


i 

Total 

164 

225 

320 

404 

2 

“ noMnCh 

Isocitric 



203 



“ “ 2 micromoles MnCl 2 

“ 



335 


3 

0.2 cc. aconitase; 2 micromoles 

a 

18 

12 

30 

32 


MnCIa 

Total 

102 

180 

408 

588 


zymatically, lost 169.4 y (or 93 per cent) on incubation with aconitase for 
5 minutes; 12.(3 y (or 7 per cent) remained unchanged. This is in good 
agreement with the values obtained by Martius and Leonhardt (7) for 
the aconitase equilibrium; t.e., 7.7 per cent d-isocifcric acid and 92.3 per cent 
citric and m-aconitic acids. A larger aliquot, containing 546 y of d- 
isocitric acid by enzymatic estimation, yielded 450 y of citric acid on 
incubation with aconitase for 10 minutes; i.e., 82 per cent of the isocitric 
acid was converted to citric acid. Martius and Leonhardt (7) give 89.2 
per cent citric acid at equilibrium. 

Various other lines of evidence support the occurrence of Reactions 8 
and 9. Table III shows the results of experiments in which the course of 
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the dismutation, both in the absence and presence of aconitase, was fol¬ 
lowed by separate enzymatic determination, at various time intervals, of 
both d-isocitric acid and total tricarboxylic acids. Although, as previously 
mentioned, the heart extracts are largely devoid of aconitase, when rela¬ 
tively large amounts of the extract are used and the incubation periods are 
long there is some formation of tricarboxylic acids other than isocitric, 
as may be observed in Experiment 1 of Table III. Experiment 2 shows 
some increase in the synthesis of isocitric acid when MnCl 2 is added. The 
fact that substantial amounts of tricarboxylic acid are found in the absence 
of added Mn++ must be attributed, as discussed above, to the-presence 
of the metal in the crude preparation of Zwischenferment. Experiment 3 
shows, as was expected from the predicted equilibrium shift, that, in the 
presence of aconitase, the reaction proceeds faster and farther than in its 
absence; i.e., more tricarboxylic acid is formed in a given time (c/. Experi¬ 
ments 1 and 3, especially at 00 and 120 minutes). The ratio of isocitric 
acid to total tricarboxylic acid in Experiment 3, from 20 to 120 minutes, is 
‘close to that expected for the aconitase equilibrium. 

The course of the dismutation can also be readily followed manometrically 
at pH 7.0 in a bicarbonate-containing medium, owing to the fact that, 
while the absorption of 1 OO 2 equivalent is compensated by liberation from 
the bicarbonate of another C0 2 equivalent by the third carboxyl group of 
the tricarboxylic acid formed (pK 8 of citric acid at 25°, 5.4), the oxidation 
of glucose phosphate to phosphogluconic acid creates an extra carboxyl 
group which displaces a C0 2 equivalent. Fig. 7 illustrates the course of 
such a reaction and demonstrates the accelerating action of aconitase. 
The reaction was started by tipping in a-ketoglutarate from the side bulbs 
of the Warburg vessels after temperature equilibration. The keto acid 
was carefully neutralized to the final pH of the reaction mixture in the main 
space. In the absence of a-ketoglutarate there is no reaction, since the 
oxidation of glucose phosphate ceases as soon as the small catalytic amount 
of TPN is reduced. 

Table IV shows experiments in which the course of the hexose monophos- 
phate-a-ketoglutarate-C0 2 dismutation in the presence of aconitase (Re¬ 
action 9) was followed for periods up to 6 hours; both the disappearance of 
a-ketoglutarate and glucose-6-phosphate and the production of citrate and 
phosphogluconate were determined at various time intervals. As explained 
above, the C0 2 evolution, which was followed on an aliquot of the main 
reaction mixture, is a measure of the formation of phosphogluconate from 
hexose monophosphate. Glucose phosphate, a-ketoglutarate, and citrate 
were determined by chemical methods on aliquots withdrawn from the 
main reaction mixture at the intervals specified in Table IV. The reac¬ 
tion mixtures were incubated in 100 cc. Erlenmeyer flasks and were equili- 
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brated with a gas mixture of 80 per cent nitrogen and 20 per cent CO 2 
throughout the incubation period. It will be observed that while there is 
a fairly good agreement between the CO 2 evolution (formation of phos- 
phogluconic acid), on the one hand, and the removal of a-ketoglutarate 
and glucose-6-phosphate, on the other, the amounts of citric acid found fall 
short of the expected values, even if they are increased by 10 or 11 per cent 



Fig. 7. Time course of the dismutation between a-ketoglutarate -f COi and glu- 
cose-6-phosphate, with and without aconitase, as determined by the liberation of 
carbon dioxide from bicarbonate caused by formation of phosphogluconic acid. For 
each experiment 0.1 to0.2cc. of heart extract and 0.6 cc. of glucose phosphate dehy¬ 
drogenase (5 mg. per cc.) were made up to a volume of 2.0 cc. with additions including 
0.15 micromole of TPN, 2.0 micromoles of MnClj, and 80 micromoles of NaHCO*. 
Curve 1, with 0.2 cc. of aconitase, 64 micromoles of glucose-6-phosphate, and 68 
micromoles of a-ketoglutarate. Curve 2, with 0.2 cc. of aconitase, 25 micromoles 
of glucose-6-phosphate, and either 34 (O) or 27.5 (X) micromoles of a-keto¬ 
glutarate. Curve 3, with 25 micromoles of glucose-6-phosphate and 34 micro¬ 
moles of a-ketoglutarate but without aconitase. Gas, 80 per cent N* and 20 per 
cent COj; pH 7.0. Temperature, 25°. The reaction was started by tipping in 
a-ketoglutarate from the side bulb of Warburg vessels after temperature equilibra¬ 
tion. 

to obtain the value for total tricarboxylic acid. Owing to the crude condi¬ 
tion of the enzymes used, some side reactions must occur which are re¬ 
sponsible for the observed discrepancy. The nature of these reactions has 
not yet been investigated. 

DISCUSSION 

The experimental results presented in this paper indicate the possibility 
of extensive biosynthesis of tricarboxylic acids through fixation of carbon 




8. OCHOA 


149 


dioxide by a-ketoglut&ric acid. The occurrence Of such a fixation is due to 
the reversibility of the reaction oxalosuccinate ?=* a-ketoglutarate + COj. 
While the equilibrium of this reaction is far to the right, i.e. in the direction 
of decarboxylation, it can be shifted in the opposite direction through re¬ 
duction of oxalosuccinate to d-isocitrate by reduced triphosphopyridine 
nucleotide (TPN„d.) in the presence of isocitric dehydrogenase. If the 
oxidized TPN (TPN 0 *.) thereby formed is reduced by an independent de¬ 
hydrogenase system of suitable oxidation-reduction potential, there occurs 

Table IV 

Dismutation between a-Ketoglutarate + CO, and Glitcote-6-phosphate in Presence 
of Aconitase (Man o me trie and Chemical Estimations ) 

1.0 cc. of heart extract, 6.0 cc. of glucose phosphate dehydrogenase (5 mg. per 
cc.), and 2.0 to 4.0 cc. of aconitase made up to 20 cc. with additions including 1.3 
micromoles of TPN, 20 micromoles of MnCl-, and 800 micromoles of NaHCO,. Gas, 
80 per cent N, and 20 per cent CO,; pH 7.0; temperature, 26°. Evolution of CO, 
determined manometrically with 2.0 cc. aliquots of reaction mixtures. All values 
expressed in micromoleB. 


Experiment 

No. 

Glucose 

phosphate 

added 

Ketoglu- 
tarate added 

Incubation 

time 

COt evolved 

Citric acid 
formed 

Ketoglu- 
taric acid 
removed 

Glucose 

phosphate 

removed 




hrs. 





1 

640 

680 

2 

81.2 

53.6 

84.4 





6 


101.6 

140.0 

156.0 

2 

250 

275 

0.5 

27.2 

11.2 

28.7 





1 

36.5 

20.8 


39.0 




2 

46.0 

30.5 

46.7 





3 

59.0 

38.2 

57.0 





6 


44.0 

106.0 

102.0 

3 

250 

275 

0.5 

46.0 

26.3 

51.2 





1 

51.0 

35.0 

59.0 





2 

77.5 

52.8 

87.2 





3 

90.0 

60.0 

114.0 

104.0 




4.5 


62.5 

127.0 

125.0 


a further shifting of equilibrium in favor of CO 2 fixation. The successful 
use of the TPN-specific glucose-6-phosphate dehydrogenase system for 
such a purpose has already been discussed in the foregoing section. The 
oxidation-reduction potential of this system (reductant) is given by Barron 
(18) as E'o = —0.43 volt at pH 7, while that of the isocitric oxalosuccinic 
system (the oxidant) has been estimated, from the approximate value of 
the equilibrium constant reported in this paper, to lie in the neighborhood 
of —0.30 volt (19). Essentially, the exergonic oxidation of glucose phos¬ 
phate is made use of here to drive the endergonic carboxylation of a-keto- 
glutaric acid. An approximate estimate of the free energy change of this 



150 


BIOSYNTHESIS OF TRICARBOXYLIC ACIDS. Ill 


carboxylation, from its equilibrium constant, gives a value of about +4000 
calories (19). Further disturbance of the equilibrium with shifting in the 
direction of C0 2 fixation occurs, as shown in the previous section, through 
isomerization of d-isocitric to citric acid in the presence of aconitase, owing 
to the fact that the equilibrium of such a reaction is markedly in favor 
of citric acid. The free energy changes of the partial reactions involved 
in this system of C0 2 fixation have been discussed elsewhere (19). 

The type of carboxylation reaction here considered (^-carboxylation) is 
to be distinguished from “reductive” carboxylation which, as Lipmann 
(20) discovered, occurs by reversal of the oxidative decarboxylation of 
a-keto acids. The latter reaction involves a much greater change of free 
energy which is supplied in part by energy-rich phosphate through the 
generation of an acyl phosphate bond by reaction with ATP (20). In this 
connection it should be emphasized that the reactions discussed in this 
paper, whether partial or over-all, proceed in either direction in the absence 
of inorganic phosphate and ATP. Further, no generation of phosphate 
bonds is connected with the oxidation of isocitric acid to a-ketoglutaric 
acid and C0 2 (14). 

It is tempting to speculate on the possibility that the tricarboxylic acid 
formed by C0 2 fixation might break down, possibly by reversal of its as 
yet poorly understood synthesis from dicarboxylic acid and a C 2 derivative. 
If so, the tricarboxylic acid cycle of Krebs as a whole might be reversible. 
As discussed elsewhere (19), such mechanisms might conceivably be at work 
in photosynthesis and chemosynthesis. 

A question of great interest is whether isocitric dehydrogenase and oxalo- 
succinic carboxylase are distinct enzymes and can catalyze the over-all 
Reaction 5 acting together, or whether this reaction, i.e. the reversible 
oxidative decarboxylation of d-isocitric acid to a-ketoglutaric acid and C0 2 , 
is catalyzed by a single enzyme. While it would appear that the evidence 
presented in this paper favors the former possibility, partial purification 
of the heart extracts has so far failed to separate the two activities. The 
need for caution on this point was stressed by the finding that the reversible 
conversion of Z-malate to pyruvate and C0 2 , a reaction identical in nature to 
Reaction 5, is not catalyzed by a combination of malic dehydrogenase (21) 
and a partially purified oxalacetic carboxylase from Micrococcus lyso- 
deikticus in the presence of either DPN or TPN and manganous ions; this 
observation led to the isolation of an enzyme from pigeon liver which, in 
the presence of Mn ++ , catalyzes the reversible Reaction 10 (22). 

(10) {-Malic acid + TPNo*. *=* pyruvic acid + CO* + TPN r *d. 

Extensive purification of the pigeon liver enzyme 2 has shown that it also 
catalyzes the decarboxylation of oxalacetate to pyruvate and C0 2 (but not 

1 Ochoa, S., Mehler, A. H., and Kornberg, A., unpublished. 
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the reduction of oxalacetate to Z-malate by TPNr«i.), and strongly suggests 
that a single enzyme is involved in the catalysis of Reaction 10. Thus, in 
the case of dicarboxylic acids, we have a malic dehydrogenase, an oxalacetic 
carboxylase, and, in all probability, another single enzyme that catalyzes 
Reaction 10. Under these conditions, the possibility that such a situation 
may also obtain in the case of tricarboxylic acids cannot be discarded until 
a decision can be made through purification of the enzymes involved; such 
work is now in progress. 


Methods 

Enzyme Preparations 

Isocitric Dehydrogenase —The preparation of pig heart extracts contain¬ 
ing isocitric dehydrogenase and oxalosuccinic carboxylase has been de¬ 
scribed in a previous paper (12). Partial purification of the isocitric de¬ 
hydrogenase was obtained as follows: The undialyzed phosphate extract 
was cooled to 0° and treated with sufficient calcium acetate solution to 
precipitate the orthophosphate. The calcium phosphate was centrifuged 
off at 0° and the supernatant (pH 5.6) was brought to pH 6.2 with Na^COg 
and to 60 per cent saturation at 0° with solid ammonium sulfate; the pre¬ 
cipitate was filtered off and discarded. The enzyme precipitates as the 
ammonium sulfate is increased to 65 per cent of saturation. The pre¬ 
cipitate was dissolved in water and refractionated with ammonium sulfate. 
The fraction between 40 and 50 per cent ammonium sulfate saturation was 
dissolved in water, brought to pH 8.0 with dilute ammonium hydroxide, 
and treated with a suspension of alumina gel (>y; the alumina was centri¬ 
fuged off and discarded. This procedure led to a 4-fold increase of the 
specific activity of isocitric dehydrogenase as compared with that of the 
initial extract. The activity determinations were based on the over-all 
Reaction 5; the rate of reduction of TPN, in the presence of the enzyme, 
Mn ++ , and an excess of isocitric acid, was determined spectrophotometri- 
cally. Under these conditions, the reduction of TPN follows a first order 
reaction. Since the initial rate of reduction of TPN was found, within 
certain limits, to be proportional to the concentration of enzyme, an enzyme 
unit was defined as the amount of enzyme causing an increase in optical 
density (at 340 m/x) of 0.01 in the 1st minute* The course of a fractionation 
is summarized in Table V. 

The purified preparations also catalyzed the decarboxylation of oxalo¬ 
succinic acid. 

Aconitase —The activity of this enzyme was also determined spectro- 
photometrically by measuring the rate of reduction of TPN, in the presence 
of an excess of isocitric dehydrogenase (containing oxalosuccinic carboxy¬ 
lase) and Mn ++ , with either citric acid or cw-aconitic acid as substrate. 
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In the absence of aconitase there is no reaction. In the presence of aconi¬ 
tase, and under certain conditions which have been worked out by Dr. A. 
Komberg in this laboratory,* the reaction is zero order over most of its 
course. 

A crude but very active aconitase preparation was obtained as follows: 
The ventricular muscle of five pig hearts was washed with water, cooled in 
ice, and minced cold. The mince (about 880 gm.) was extracted for 1 hour, 
at 3-4°, with 1 liter of distilled water with occasional stirring; the mixture 
was pressed through gauze and the fluid centrifuged at 0°. The following 
operations were carried out at 0°. To the extract (810 cc.) were added 
372 gm. of solid ammonium sulfate (65 per cent saturation) under vigorous 
stirring and, after standing overnight, the precipitate was filtered off and 
dissolved in 100 cc. of distilled water. A small amount of insoluble material 
was centrifuged off. The solution (134 cc.) was dialyzed for about 70 

Table V 


Partial Purification of Isocitric Dehydrogenase 


Step 

Specific 

activity 

Yield 

Extract. 

units per mg. 
protein 

167 

100 

1st (NHOiSOg fractionation (0.6-0.65 saturation). 

436 

14 

2nd “ “ (0.4-0.5 saturation). 

500 

6.5 

Rnnernatant from AlfOH)*. 

670 

4.2 


hours against 2 liters of 55 per cent saturated ammonium sulfate; the pre¬ 
cipitate was centrifuged off at 15,000 r.p.m. and discarded. To the solution 
(56 cc.) were added 8.6 cc. of saturated ammonium sulfate (degree of satura¬ 
tion with ammonium sulfate, 65 per cent). The precipitate was centri¬ 
fuged off at high speed and dissolved in 30 cc. of water, and the solution 
was dialyzed for 3 hours against running tap water at 10° and centrifuged 
at high speed to remove a small amount of precipitate formed on dialysis. 
The specific activity of aconitase in this solution is only about twice as high 
as in the initial extract, the main advantage achieved being a much higher 
concentration of the enzyme. The enzyme is very unstable and loses 
activity rather rapidly even when stored at 0°. 

Chemical Preparations 

Triphosphopyridine Nucleotide —TPN was prepared essentially accord¬ 
ing to the method of Warburg, Christian, and Griese (23). The purity of 

* Komberg, A., unpublished. , 
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the preparation was determined spectrophotoinetrically with isocitric 
dehydrogenase in the test system of Reaction 5. This is possible because 
the equilibrium gf such a reaction is so far to the right that, with an excess 
of isocitric acid, the nucleotide present is practically reduced to completion. 
With the value for the molecular absorption coefficient of TPN,«d. given 
by Warburg CIO), 0 = In (/o//)/c X d = 1.3 X10 7 (sq. cm. per mole), the puri¬ 
ty of the desiccator-dried preparation was 54.6 per cent. This was in fairly 
good agreement with the value of 50.4 per cent calculated from its phos¬ 
phorus content, assuming that the molecular weight of TPN is 743. The 
preparation was free from inorganic phosphate, but its ribose content, 
determined by the method of Mejbaum (24), was higher than theory (ribose 
to P ratio, found, 1.05; theory, 0.67). The preparation was free from DPN 
as tested with crystalline triosephosphate dehydrogenase (25), in the 
optical test system of Warburg and Christian, in the presence of arsenate 
(26) * Its almost complete freedom from adenosine mono- and poly- 
.phosphates was established by a sensitive spectrophotometric test.* 

Isocitric Add —dl-Isocitric acid was prepared by the method of Fittig 
and Miller (27). The crude material obtained after decomposition of the 
barium salt was washed with a little cold ethyl acetate, dissolved in just 
the required amount of ethyl acetate at room temperature, and the solution 
was treated with petroleum ether to a permanent turbidity; the isocitric 
acid crystallized on standing in the ice box. The material melted at 125° 
with softening between 90-100°; 69.8 mg. required 10.5 cc. of 0.1 N NaOH 
for neutralization (in ice water) and the same amount after being boiled, 
indicating freedom from isocitric acid lactone. One-half of the synthetic 
isocitric acid reacts in the isocitric dehydrogenase test; this indicates that 
the product contains only the naturally occurring acid and its enantio- 
morph and is, therefore, dl-isocitric acid (28). By titration with TPN, 
in the optical test of Reaction 5, the purity of the preparation was estimated 
to be 99 per cent. 

Other Preparations —Glucose-6-phosphate was prepared synthetically by 
the method of Levene and Raymond (29). After being dried in vacuo 
over P 2 O 6 , the barium salt contained 7.6 per cent P (calculated for 
C«HnO»PBa, 7.84 per cent), cts-Aconitic anhydride was prepared by the 
method of Malachowski and Maslowski (30). The anhydride (m.p. 75°) 
was dissolved in warm ethyl acetate (previously saturated with water at 
room temperature) and the acid crystallized by addition of chloroform to a 
permanent turbidity, as described by Krebs and Eggleston (31); it melted 
at 125°. Oxalosuccinic and a-ketoglutaric acids were prepared as pre¬ 
viously described (11, 32). 

4 1 am indebted to Dr. E. Racker for this determination. 
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Analytical Methods 

Enzymatic —In the presence of an excess of TPN, d-isocitric acid can be 
determined by the optical test system of Reaction 5. Since, as previously 
discussed, the equilibrium of this reaction lies very far to the right, for all 
practical purposes all of the d-isocitric acid present will react, 1 mole of 
TPN being reduced by 1 mole of d-isocitric acid. In the absence of signifi¬ 
cant amounts of HC0 3 ~ ions, a-ketoglutaric acid does not appreciably 
interfere with the estimation, even if present in a relatively large molar 
excess (20- to 30-fold) with relation to isocitric acid. The reaction mix¬ 
tures whose d-isocitric acid content is to be determined are treated with 
0.1 volume of 0.2 m acetate buffer, pH 4.0, heated for 2 minutes in a boiling 
water bath, and cooled; the coagulated protein is removed by centrifuga¬ 
tion. They can also be deproteinized with trichloroacetic acid, filtered, 
and neutralized. In either case the supernatants, which should be clear, 
are practically free from C0 2 . Suitable aliquots, containing a few micro- 
grams of isocitric acid, are used for the estimation. The determination is 
carried out in the presence of Mn* 14 , as described above, with sufficient 
heart enzyme to complete the reaction in a few minutes. The final volume 
of reaction mixture in the absorption cells was 3.0 cc., d = 1.0 cm. After 
a zero time reading of the optical density at 340 mu is taken, the reaction 
is usually started by adding TPN ox .; readings are then taken at frequent 
intervals until there is no further increase in optical density. Our prepara¬ 
tions of TPNox. show a very small absorption at 340 m/z, which is sub¬ 
tracted from the final reading. Since the molecular absorption coefficient of 
TPN T cd. is P = ln(/ 0 /J)/ c X d = 1.3 X 10 7 (sq. cm. per mole) (10), or the 
extinction coefficient a = log ( h/I)/c X d — 0.5644 X 10 7 (sq. cm. per 
mole), for log (Io/I) = 0.01, the concentration c of TPNred. or d-isocitric 
acid wiil be c « (0.01/0.5644) X 10“ 7 , or 0.01772 X 10~ 7 mole per cc. and, 
for a volume of 3.0 cc., 0.0532 X 10 -7 mole or (since the molecular weight 
of isocitric acid is 192) 1.02 y of isocitric acid. The quantity in micrograms 
of isocitric acid in the aliquot used, under our experimental conditions, is 
thus obtained by multiplying by 102 the maximum A log (h/I) reached. 
This method is rapid, sensitive, and quite specific for d-isocitric acid, even 
if the enzyme preparation used is the crude dialyzed heart extract. Except 
for the presence of a very weak glutamic dehydrogenase, these extracts are 
free of dehydrogenases reacting with TPN other than isocitric dehydro¬ 
genase (t.c., glucose and glucose phosphate dehydrogenases and the recently 
described enzyme catalyzing the reversible oxidative decarboxylation of 
malic acid (22)). Since the equilibrium of the glutamate <=* a-ketoglutarate 
+ NHs system is far to the side of glutamate (33), glutamic acid does not 
interfere unless present in large amounts. 

Because the heart extracts are practically devoid of aconitase, tricarbox- 
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ylic acids other than d-isocitric acid are not determined by the above method* 
However, cw-aconitic and citric acids can be roughly determined by addi¬ 
tion of aconitase to the reaction mixture once the reaction with isocitric 
acid (if any is present) is complete. Under these conditions, m-aconitic 
acid reacts very rapidly and reduces 1 TPN equivalent. On the other 
hand, the reaction with citric acid is very slow, owing to the unfavorable 
equilibrium, and, even after 30 minutes, only about 80 per cent of the citric 
acid has reacted. Thus, for approximate estimations of total tricarboxylic 
acids, after determining d-isocitric acid, 0.05 to 0.1 cc. of aconitase is added 
and a few readings are taken. If the optical density increases further, 
indicating the presence of other tricarboxylic acids, the reaction mixture 
is set aside and its optical density at 340 mix is determined again after 30 
or more minutes until there is no further significant change. 

Chemical —Citric acid was determined in trichloroacetic acid filtrates 
by the method of Cold berg and Bemheim (34). Appropriate blanks and 
at least two controls with known amounts of citric acid were always run 
'simultaneously with each series of determinations. Glucose-6-phosphate 
was determined in tungstic acid filtrates by its reducing power, since it was 
the only reducing substance present in the reaction mixtures in which prog¬ 
ress of Reaction 9 was followed. The method of Shaffer and Somogyi 
(35) w'as used and the copper reagent was standardized with known amounts 
of glucose-(i-phosphate. a-Ketoglutaric acid was determined in trichloro¬ 
acetic acid filtrates by the method of Friedemann and Haugen (30). 

SUMMARY 

Crude solutions of isocitric dehydrogenase from pig heart catalyze, in 
the presence of TPN and manganous ions, the reversible conversion of 
d-isocitric acid to a-ketoglutaric acid and carbon dioxide. The reaction 
involves two reversible steps: (a) d-isocitric acid + TPN ox . <=* oxalosuccinic 
acid + TPNrwi., and (h) oxalosuccinic acid <=* a-ketoglutaric acid + CO 2 . 
Step ( b ) requires Mn ++ but step (a) does not. The available evidence 
suggests that steps (a) and (h) are catalyzed by two distinct enzymes, 
isocitric dehydrogenase and oxalosuccinic carboxylase respectively, but 
final decision on this point must await purification of the enzymes involved. 

The equilibrium constant of the over-all reaction 

d-Isocitric acid -f TPN<*. a-ketoglutaric acid -f CO* -f TPNred. 

(d-lBQcitrate) (TPNox.) 
(a-Ketoglutarate) (H s CO*) (TPNred) 

is about 1.3 X 10~ 4 , indicating that equilibrium lies very far in the direction 
of decarboxylation. 

The equilibrium can be markedly shifted in the direction of CO* fixation 
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by combination with the glucose-6-phosphate dehydrogenase system. In 
this case, TPN is reduced according to the reaction, glucose-6-phosphate + 
TPNqx. 6-phosphogluconate + TPN re d.. The net result is the dismuta- 
tion, glucose-6-phosphate + a-ketoglutarate + CO 2 = 6-phosphogluconate 
+ d-isocitrate. The isocitrate formed was isolated as a crude barium salt 
and identified enzymatically with aconitase. 

When the dismutation is carried out in the presence of aconitase, further 
shifting of equilibrium occurs in the direction of CO 2 fixation, owing to the 
fact that the equilibrium between isocitric, aVaconitic, and citric acids, 
whose establishment is catalyzed by aconitase, is predominantly in favor 
of citric acid. 

The above results suggest that the enzyme system oxalosuccinic carboxy- 
lase-isocitric dehydrogenase-aconitase may play an important part in the 
biological utilization of carbon dioxide. 

I am indebted to Dr. Erwin Haas for a generous gift of yeast glucose-6- 
phosphate dehydrogenase and to Dr. Milton Levy for many helpful sug¬ 
gestions. My thanks are also due to Dr. Erna Weisz-Tabori for much help 
with chemical preparations and estimations, and to Mr. Morton C. 
Schneider for help with the enzyme preparations. 
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SPECTROPHOTOMETRIC STUDIES ON THE 
DECARBOXYLATION OF /S-KETO ACIDS* 
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(From the Departments of Pharmacology and Chemistry , New York University 
College of Medicine , New York) 

(Received for publication, December 29, 1947) 

The decarboxylation of some 0-keto acids of biological importance in 
oxidative metabolism is catalyzed by specific enzymes. Some of these re¬ 
actions are reversible and, in this way, play an important part in the 
biological assimilation of carbon dioxide. Reactions 1, 2, and 3 are cata¬ 
lyzed by specific enzymes from various sources. 

H 

(1) COOH-CHi'C'CO'COOH <=± COOHCH,CH,COCOOH + CO, 

* COOH 

Oxalosuccinic acid (OSA) a-Ketoglutaric acid 

(2) COOH-CHi'CO'COOH *=* CH, CO-COOH + CO, 

Oxalacetic acid (OAA) Pyruvic acid 

(3) CHrCO'CHrCOOH <± CH, CO CH, + CO, 

Acctoacelie acid (AAA) Acetone 

Reaction 1 is catalyzed by an enzyme widely distributed in animal tis¬ 
sues and present in some plants (1). Oxalacetic carboxylase, which cata¬ 
lyzes Reaction 2, has been found in bacteria (2), pigeon liver (3), and, to, 
some extent, in other animal tissues as well as in plants (4). Mehler et al. 1 
liave partially purified this enzyme from Micrococcus lysodeiktims. Aceto- 
acetic carboxylase (Reaction 3) has been obtained from acetone bacteria 
in highly purified form (5). 

It is well known that the above 0-keto acids are more or less unstable and 
undergo spontaneous decarboxylation in aqueous solution. Their stability 
decreases in the following order: acetoacetic, oxalacetic, oxalosuccinic. 

Krebs (6) observed that the decarboxylation of OAA, but not that of 
AAA, is catalyzed by polyvalent cations, notably by Zn ++ , Cu**, Fe**, 

* Supported by grants from the United States Public Health Service, the Rocke¬ 
feller Foundation, the Penrose Fund of the American Philosophical Society, and the 
American Cancer Society (recommended by the Committee on Growth of the National 
Research Council). A preliminary report of this work has appeared (Federation 
Proc.y $» 268 (1947)). 

t Division of Physiology, National Institute of Health, United States Public 
Health Service. 

1 Mehler, A. H., Romberg, A., Grisolia, 8 ., and Ochoa, unpublished. 
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Fe‘ f ' H ', and Al 444 \ Ca 4 ^, Ba ++ , Mg 4 **, and Mn^ were much less effective. 
OSA was found in this laboratory to react toward cations in the same way 
as OAA (1). Speck 2 has recently added Cd 44 *, Co ++ , and Mi 44 * to the list 
of cations that accelerate the decarboxylation of OAA. 

Although Mn ++ , when present alone, is a poor catalyst of the decarboxy¬ 
lation of OSA and OAA, it is required by the specific carboxylases for ac¬ 
tivity (1-4). Mg ++ is much less effective. Acetoacetic carboxylase does 
not seem to require a metal for activity (5). 

The interaction of metals, 0-keto acids, and their carboxylases had thus 
far been studied by manometric methods. By the use of spectrophoto- 
metric methods we have been able to gain some understanding of the under¬ 
lying mechanisms of these reactions. Our results indicate that cations like 
A1+++ form complexes with OSA, OAA, and AAA in the absence of a pro¬ 
tein. The complexes formed by Al 444 * with OSA, and OAA are unstable 
and decarboxylate at a rate faster than that of spontaneous decarboxylation 
of the jS-keto acids, but the AAA complex is stable. While Mg +4 “ and Mn 4 * 4, 
also form complexes with OSA and OAA in the absence of protein, the ex¬ 
tent of this complex formation or the lability of the complex is too slight 
to effect rapid decarboxylation. Each of these various complexes has a 
characteristic absorption spectrum in the ultraviolet. Our data also sug¬ 
gest that the effective catalysis of decarboxylation achieved by oxalosuc- 
cinic carboxylase in the presence of Mn 4+ is largely the result of an accelera¬ 
tion of the rate of complex formation. In the case of oxalacetic carboxylase, 
it appears that both the rate of complex formation and breakdown are 
influenced. 


Results 

Effect of Metals —The ultraviolet absorption spectra at pH 7.3 of the Na 
salts of OSA, OAA, AAA, and of a-ketoglutaric and pyruvic acids (the de¬ 
carboxylation products of OSA and OAA respectively) are shown in Fig. 1. 
The absorption of acetone, which is negligible, is not shown. It is evident 
that within a given wave-length range the decarboxylation of OSA and OAA 
should result in a decrease of the optical density of the solution. However, 
the addition of Al 444 * which, as pointed out above, markedly increases the 
rate of decarboxylation of these acids, results at first not in a decrease, but in 
a sharp increase of the optical density, followed by a rapid decrease toward 
the level corresponding to the products of decarboxylation. 8 This is illus¬ 
trated in Fig. 2. Al 444 has no effect on the absorption of a-ketoglutaric 

and pyruvic acids. In the case of AAA there is also a sharp increase in 

* Speck, J. F., personal communication. 

s The apparent failure of the optical density to drop to the levels corresponding to 
complete decarboxylation is due to turbidity contributed by aluminum hydroxide. 
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optical density upon the addition of A1+++. However, the optical density 
remains stationary once the maximum is reached. It will be recalled that 
A1 4 ~ H ' does not cause a decarboxylation of this acid. When the maximum 
optical densities obtained at various wave-lengths after addition of A1+++ 



Fig. 1 . Ultraviolet absorption spectra of 0-keto acids and their aluminum com¬ 
plexes. Solutions of keto acids adjusted with NaOH to pH about 7,3. Final con¬ 
centrations, 5 X 10“ 4 m oxalosuccinate and a-ketoglutarate, 2.5 X 10~ 4 m oxalacetate, 
pyruvate, and Ali(SO«)i, 2.1 X 10~ s m acetoacetate. Total volume, 2.0 cc. Quartz 
cells; d * 0.5 cm. Curve 1, a-ketoglutarate either with or without Al 444 ; Curve 2, 
oxalosuccinate; Curve 3, oxalosuccinate and Al +44 ; Curve 4, pyruvate either with 
or without Al 444 ; Curve 5, oxalacetate; Curve 6, oxalacetate and Al 444 ; Curve 7, 
acetoacetate; Curve 8, acetoacetate and Al 444 . Curves 3, 6, and 8 were obtained 
by plotting the maximum densities reached at each wave-length. The expression 
“molecular extinction coefficient” is used only in terms of keto acid concentration 
and not in terms of keto acid-metal complex concentration, which is unknown. 


to aqueous solutions of each of the three /3-keto acids are plotted, Curves 3, 
6, and 8 (Fig. 1) are obtained. 

These results indicate the Al +++ forms complexes, having characteristic 

This is probably a result of increased pH during decarboxylation. The addition of 
small amounts of acid at the conclusion of the reaction removed the turbidity and 
resulted in conformity of the optical densities to the theoretical conversion of the 
0-keto acids to the corresponding lower a-keto acids. 
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ultraviolet absorption spectra, with each of the above 0-keto acids. They 
further indicate that the aluminum complexes of OSA and OAA are unsta¬ 
ble and that the keto acid in the complex is readily decarboxylated. On the 
other hand, the aluminum complex of AAA is stable. It should be recalled 
that Fe ++ +, which gives a red color with the three /3-keto acids, accelerates 
the decarboxylation of OSA and OAA as effectively as does A1+++. This is 
undoubtedly due to the formation of complexes with absorption in the vis- 



Fig. 2, Time course of spectral changes of oxalosuccinic and oxalacetic acids in 
the absence and presence of aluminum ions. Final concentrations, 2.5 X 10~ 4 m 
keto acid. Wave-length, oxalosuccinate 252 m^, oxalacetate 270 W 41 . Other data 
as in Fig. 1. Curve la, oxalosuccinate; Curve 2a, oxalosuccinate and 1.25 X 10~ 4 m 
A l a (S 04 )s; Curve lb, oxalacetate; Curve 2b, oxalacetate and 1.25 X 10~ 4 m Al 2 (S04)a 


ible range of the spectrum. The fact that the color given by Fe +++ with 
OSA and OAA fades rapidly, whereas that given with AAA is stable, demon¬ 
strates the similar stability of the Fe +++ and Al +++ complexes. 

Since Mn ++ is required for the activity of oxalosuccinic and oxalacetic. 
carboxylases, its effect on the ultraviolet absorption of the keto acids was 
determined. The changes produced, although slight, are definite (Fig. 3; 
cf. Curves 1 and 2, 4 and 5). Mn^ 4 * does not alter the absorption by a-keto- 
glutaric and pyruvic acids. The effect of Mg 44 * on the spectrum of OSA 
and OAA is qualitatively similar to that of equimolar concentrations of 
Mn 4 ^, although somewhat less marked. When followed in time at a given 
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wave-length, the effect of Mn++ on OSA is similar to, but much less pro¬ 
nounced than, that of A1+++; there is an increase followed by a decrease of 
the optical density (Fig. 4, Curve 1). Hence Curves 2 and 6 in Fig. 3 were 
obtained by plotting against the wave-length the maximum optical density 
reached after addition of Mn+ + to the keto acids, as was done in the case of 
AJ+++ Therefore, Curves 2 and 5 of Fig. 3 represent the approximate ab¬ 
sorption spectra of the manganese complexes of OSA and OAA respectively. 



WAVELENGTH (mji) 

Fig. 3. Ultraviolet absorption spectra of 0-keto acids and their manganese com¬ 
plexes. Final concentrations, 1.67 X 10 ~ 4 m oxalosuccinate, 2.6 X 10 ” 4 m oxalacetate. 
Total volume, oxalosuccinate samples 3.0 cc. (d «* 1.0 cm.), oxalacetate samples 2.0 
cc. (d « 0.5 cm.). Other data as in Fig. 1. Curve 1, oxalosuccinate; Curve 2, oxalo¬ 
succinate and 1.67 X 10“ 4 m MnCh; Curve 3, oxalosuccinate, MnCh, 0.02 cc. of en¬ 
zyme (pig heart extract), and 0.134 m KC1; Curve 4, oxalacetate; Curve 5, oxalacetate 
and 5 X 10~ 4 m MnCla. Curves 2, 3, and 5 were obtained by plotting the maximum 
densities reached at each wave-length. 

Oxalosuccinic Carboxylase —As mentioned above, this enzyme has been 
found in manometric studies to require Mn 4 ' 4 ' for activity, Mg ++ being in¬ 
effective at similar concentrations (1). Speetrophotometrically, addition of 
oxalosuccinic carboxylase to OSA results in a slight increase in optical den¬ 
sity at 240 m/i, followed by a gradual decrease. 4 With both enzyme and 

4 This effect of the enzyme, in the absence of added Mn H , may be due to the pres¬ 
ence of small amounts of this metal in the crude enzyme preparations used. The 
effect largely disappears after the enzyme is dialyzed against pyrophosphate at pH 
8.4, followed by dialysis against KC1 to remove the pyrophosphate. 
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Mn present, there is a large and rapid increase in density, succeeded by a 
prompt decline to a value approximating that of a-ketoglutaric acid. These 
results are shown in Fig. 4 (Curves 1, 2, and 3). Potassium chloride 
(0.134 m) inhibits the increase in density associated with the addition of 



Fig. 4. Spectral changes connected with the enzymatic decarboxylation of oxalo- 
succinic acid. Final concentrations, 1.67 X 10“ 4 m oxalosuccinate, 1.67 X 10“ 4 m 
MnCh. Total volume of reaction mixtures, 3.0 cc. (d « 1.0 cm.). Wave-length, 240 
m/4. . Other data as in Fig, 1. Curve 1, oxalosuccinate and MnCh; Curve 2, oxalo¬ 
succinate and 0.1 cc. of enzyme (pig heart extract); Curve 3, oxalosuccinate, MnCh, 
and enzyme. Curves la, 2a, and 3a, the same as Curves 1,2, and 3, respectively, but 
each with 0.134 m KC1 in addition. 


Mn ^ alone (cf. Curves 1 and la, Fig. 4), but it greatly augments the changes 
resulting from the addition of oxalosuccinic carboxylase with Mn 4 “ f and, 
to a lesser extent, those caused by the carboxylase without Mn^. These 
striking effects of potassium chloride are shown in Fig. 4 (cf. Curves 2 and 
2a, 3 and 3a); the actual peak of Curve 3a was reached too early to permit 
accurate measurement. The action of potassium chloride is probably an 
unspecific effect of increased ionic strength, since the effects of potassium 
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bromide (0.134 m) and sodium chloride (0.134 m) were indistinguishable 
from those of potassium chloride. The manometric data in Table I verify 
the stimulatory effect of potassium chloride on oxalosuccinic carboxylase 
activity. 

The ultraviolet spectrum obtained by plotting maximum optical density 
against wave-length after the addition of OSA to carboxylase and Mn++ is 
shown in Fig. 3 (Curve 3). This curve is closely related to that given by 
OSA and Mn^ in the absence of oxalosuccinic carboxylase (Curve 2), con¬ 
stituting merely a quantitative exaggeration of the deviation of Curve 2 
from that of the OSA spectrum (Curve 1). This fact clearly indicates that ■ 

H 

Table I 

Effect of Potassium, Chloride on Enzymatic Decarboxylation of Oxalosuccinic Acid 
The Warburg vessels contained 0.021 m citrate buffer of pH 5.6 and 0.007 M oxalo¬ 
succinic acid (adjusted with NaOH to pH 5.6), either with or without enzyme, 
0.0013 m MnCl*, and 0.134 m KC1, as indicated. Final volume 2.8 cc. Air in gas 
phase. Temperature, 16°. Oxalosuccinatc tipped in from side bulb after tempera¬ 
ture equilibration. 


Additions 

COt evolved in 5 min. 

Pig heart extract (1.6 mg. protein) 

“Acetone enzyme” (1.3 mg. 
protein) 


Change due 
to enzyme 


Change due 
to enzyme 


e.mm. 

e.mm. 

e.mm. 

e.mm. 

Mn++. 

51 


33 


Enzyme and Mn ++ . 

138 

87 

86 

53 

Mn++ and KC1. 

42 




Enzyme, Mn 44 , and KC1. 

190 

148 

114 

81 


oxalosuccinic carboxylase increases the rate of formation of the OSA-Mn 
complex. 

When Mg 4 * 4 * is substituted for Mn 44 " at similar concentrations, the addi¬ 
tion of oxalosuccinic carboxylase to a mixture of OSA and the cation, 
whether in the absence or presence of KC1, produces little or no spectropho- 
tometric change beyond that obtained on mixing OSA and Mg 4 * 4 in the ab¬ 
sence of the enzyme. This is in agreement with the observed ineffective¬ 
ness of Mg 4 ** in manometric experiments. Since Mg 4 * 4 " and Mn ++ bring 
about similar changes on the absorption of OSA, it would appear that the 
ineffectiveness of Mg ++ with oxalosuccinic carboxylase is due to lack of 
affinity between the protein and this metal. 

Further evidence that the spectrophotometric changes observed on mix¬ 
ing oxalosuccinic carboxylase and OSA, in the presence of Mn 44 ’, are strictly 
specific and intimately related to the decarboxylation of the keto acid i$ 







166 


DBCABBOXYLATION OF /S-KOTO ACIDS 


furnished by (a) the failure of oxalosuccinic carboxylase to produce any ef¬ 
fect on OAA either in spectrophotometric or manometric (1) experiments, 
and (b) the absence of either spectrophotometric or manometric (1) effects 
of oxalacetic carboxylase on OSA. All these results indicate that there are 
two factors involved in the formation of an active oxalosuccinic carboxylase 
system: the possibility of complex formation between 0-keto acid and metal, 
and the specific affinity of the enzyme for each of these. 



2 4 6 

MINUTES 

Fia. 5. Spectral changes of oxalosuccinate decarboxylation at various enzyme 
concentrations. All samples contained 1.67 X 10~ 4 m oxalosuccinate, 1.67 X 10~ 4 M 
MnCh, and 0.134 m KC1. Total volume of reaction mixtures, 3.0 cc. (d *1.0 cm.). 
Wave-length, 240 m fi. Other data as in Fig. 1. Curves 1,2, and 3,0.03,0.02, and 0.01 
cc. of enzyme (pig heart extract) respectively. The arrows at the lower left indicate 
the times at which maximum optical densities were reached in each case. 

The curves in Fig. 5 demonstrate that there is some proportionality be¬ 
tween the concentration of oxalosuccinic carboxylase and the maximum op¬ 
tical density in the presence of constant amounts of Mn++ and keto acid. 
It will be observed, in addition, that the time for attainment of the maxi¬ 
mum value is related inversely to the enzyme concentration, and also that 
the rate of subsequent fall of optical density roughly parallels enz3 r me con¬ 
centration. These results suggest a rapid and sensitive optical test for ox¬ 
alosuccinic carboxylase. 

Determination of the optimum concentrations of OSA and Mn 4 + was 
made with a constant amount of enzyme with the maximum density as a 
measure of activity. Under these conditions the optimum concentration of 




Tablx II 

Comparative Effectiveness of Mg^ and Mn++ on Oxalacetic Carboxylase of 
Micrococcus lysodeikticus 


The Warburg vessels contained 0.025 m acetate buffer, pH 5.0,0.0095 ic oxalacetic 
acid (adjusted with NaOH to pH 5.0), and 0.5 mg. of enzyme. Other additions as 
indicated. Final volume 2.0 cc. Air in gas phase. Temperature, 25°. 


MgClt 

' 

MnCls 

CO* evolution* 


Change due to metal 

M 

u 

c.mm. 




16 


5 x icr 4 


21 

5 

1 X 10~* 


48 

32 

4 X 10-* 


64 

48 


8 X 10-* 

37 

21 


2 X 10-* 

70 

54 


5 X 10-* 

84 

68 


* During 5 to 15 minutes after tipping oxalacetate from the side bulb. 



Flo. 6. Spectral changes connected with the enzymatic decarboxylation of oxal¬ 
acetic acid. Final concentrations, 2.5 X 10” 4 m oxalacetate, 2.5 X 10~ 4 m MnClj. 
Total volume of reaction mixtures, 2.0 cc. (d «■ 0.5 cm.). Wave-length, Curves la and 
2a, 280 mp; Curves lb and 2b, 290 mp. Other data as in Fig. 1. Curves la and lb, 
oxalacetate and MnCls; Curves 2a and 2b, oxalacetate, MnCls, and 0.5 mg. of 
emymft from Micrococcus lysodeikticus . 
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OSA was about 2 X 1(T 4 m, while concentrations over 4 X 1(T 4 m were in¬ 
hibitory. Optimum concentrations of Mn ++ were also reached at about 
2 X 1<T 4 m. 

Oxalacetic Carboxylase —Krampitz and Werkman reported that Mg 4-4 * 
and Mn++ were approximately equally effective in stimulating the decar¬ 
boxylation of OAA in the presence of crude lysed preparations of Micro - 
coccus lysodeikticus (2). With a partially purified preparation from the 
same source we found, as in the case of oxalosuccinic carboxylase, that Mn ++ 
is much more effective than Mg++. This is shown in Table II. 

The curves in Fig. 6 show the spectral changes observed on mixing OAA 
with Mn ++ , either with or without oxalacetic carboxylase, at two different 
wave-lengths, 230 and 290 m/z. It should be recalled that at 230 m/z, Mn 44 * 
does not alter the absorption of OAA, whereas at 290 m/z it produces its 
maximum absorption increase (Fig. 3, Curves 4 and 5). It is apparent that 
the two curves representing enzymatic decarboxylation differ markedly. 
There is a prompt and steady decline at 230 m/z, while a transitory plateau, 
indicating formation of a complex, precedes the decline at 290 m/z. The 
activity of the oxalacetic enzyme is not enhanced by increased salt concen¬ 
tration. 


DISCUSSION 

Since metal complexes are probably formed with the enol form of keto 
acids, the non-enzymatic reactions of OSA and OAA studied in this paper 
might involve the following steps. 

(I) 0-Keto acid *=* enol 

(II) Enol + cation t± complex 

(III) Complex a-keto acid 4* COa 4 cation 

None of the above is an instantaneous reaction. Each proceeds at a rate 
depending upon the nature of both the keto acid and the cation. When the 
cation is A1' H '+, and presumably any which have been shown to accelerate 
the decarboxylation of the two keto acids, the above set of reactions would 
proceed rapidly in the absence of an enzyme, since aluminum complexes are 
either formed rapidly or are very unstable or both. 

Enzymatic catalysis of the over-all reaction, 0-keto acid<=± a - keto acid + 
C0 2 , might be due to acceleration by the enzyme of one of the above re¬ 
actions (Nos. I, II, or III), oftwoofthem, orof all three. Since the enzymes 
are active only in the presence of Mn 4 ^ and since this cation by itself is not 
very effective in accelerating decarboxylation, the enzyme might be con¬ 
sidered to catalyze Reaction I, i.e. the formation of enol. However, since, 
as previously mentioned, the spectrophotometric changes produced by 
Mu 4 ’ 4 ' and Mg ++ on OSA, in the absence of enzyme, are about the same, it 
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would seem that the affinity of the keto acid for each of these two cations is 
approximately equal. This eliminates the possibility that the enzyme 
merely acts by catalyzing Reaction I, since one would then expect equal 
effectiveness of Mg++ and in the presence of enzyme. 

The mechanism of the enzyme-catalyzed reactions may be conveniently 
discussed with the accompanying scheme as a basis. 


0-Keto acid 
+ Mn++ 

+ Enzyme 


enzyme complex 

r 


Enzyme *f complex V 


a-keto acid + 
-f Mn 
+ enzyme 

vv 


In the case of OSA decarboxylation, our data are in agreement with the 
view that the enzyme catalyzes the formation of an OSA-Mn complex. It 
is difficult to interpret the increase in optical density caused by the enzyme 
as due to anything but increased complex formation. While it is clear that 
k this increase in complex formation can account for a major part of the over¬ 
all catalysis of decarboxylation, it cannot be determined from our data 
whether the enzyme-OSA-Mn complex dissociates into enzyme and OSA- 
Mn complex, which then decarboxylates spontaneously (Reactions a+ b l + 
c), or whether the over-all reaction proceeds mainly by way of the partial 
reactions, a and b. 

The ability of the enzyme to catalyze the reaction in the direction of car- 
boxylation of a-ketoglutaric acid has been demonstrated by linking the 
synthesis of the /3-keto acid with reduction to isocitrate (7). This reversal 
is most likely to proceed by Reactions b and a, since a non-enzymatic tri- 
molecular reaction to form OSA-Mn complex from a-ketoglutaric acid, 
CO 2 , and Mn** is very unlikely. 

In the case of oxalacetic carboxylase the time curve with enzyme, Mn 4 * 4 ", 
and OAA at 290 mju (Fig. 6) does not show much increase in complex over 
that formed by Mn 4 " f and OAA in the absence of enzyme but it indicates 
that, in the presence of the enzyme, the complex decarboxylates more rap¬ 
idly. Comparison with the curves obtained at 230 m/*, at which the OAA- 
Mn complex has the same absorption coefficient as OAA, shows that the 
enzyme must increase the rate of complex formation because the curve at 
290 m/x (Curve 2b) shows no decrease in density at a point when that at 230 
m/i (Curve 2a) indicates that the OAA is already decarboxylated to some 
extent. It would then seem that, in this case, the reaction is proceeding 
by way of the partial reactions, a and 6. 

The action of acetoacetic carboxylase seems to involve an entirely differ¬ 
ent mechanism from that operating in the case of the oxalosuccinic and oxal¬ 
acetic enzymes. The decarboxylation of AAA is unaffected by metals and, 
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although complexes can be formed with polyvalent cations, such complexes 
are stable. It would appear that the nature of the jS-keto acid, and especi¬ 
ally its degree of stability and its ability to form unstable metal complexes, 
largely determines the mechanism by which enzymatic decarboxylation is 
carried out. With the very unstable OSA there are no indications of the 
need for a prosthetic group besides Mn^*. With the more stable OAA a 
prosthetic group might well be involved in addition to Mn ++ . Recent work 
suggests a possible function of biotin in some enzymes concerned with OAA 
and dicarboxylic acid metabolism (8). In the case of AAA, much more 
stable than the other two 0-keto acids, the work of Davies suggests the 
presence of an as yet unknown prosthetic group in the carboxylase, and no 
metal is involved (5). 

It is well known that amines have a marked catalytic effect on the decar¬ 
boxylation of jS-keto acids; aniline (9) is widely used for their quantitative 
estimation. This might lead one to believe that amino groups on side 
chains of a number of proteins might generally catalyze 0-keto acid decar¬ 
boxylation in an unspecific manner. While this seems to be true to some 
extent (10), it is doubtful whether this unspecific catalysis is of any signifi¬ 
cance in the biological reactions involving 0-keto acids. 

Methods 

SpectrophoLomelric Measurements —To each of two quartz cells there were 
added equal amounts of the various components, with the exception of the 
keto acids. These were added only to one cell, while the other cell served 
as control for 100 per cent light transmission. The addition of keto acid 
was always made last and was immediately preceded by a zero time read¬ 
ing of the optical density of the experimental solution. No buffers were 
used other than the keto acids themselves, although, as already mentioned, 
an increase in pH may cause some turbidity in the presence of aluminum 
ions. Measurements were made in air at room temperature in the Beckman 
spectrophotometer. Other experimental details are given in the legends to 
the figures. 

Enzyme Preparations —The oxalosuccinic carboxylase was a dialyzed ex¬ 
tract of washed, acetone-dried pig heart (1) containing from 3 to 5 mg. of 
protein per cc. In some cases the ice-cold extract was precipitated with 
3 volumes of acetone at 0°. An aqueous solution of the dried acetone pre¬ 
cipitate, after removal of an insoluble residue by centrifugation, was then 
used as the enzyme. This is referred to as “acetone enzyme.” The oxal- 
acetic carboxylase was a partially purified preparation from Micrococcus 
lysodeikticus. 1 This was kept as a dry acetone powder and was dissolved 
in water before use. 

Chemical Preparations —The preparation of oxalosuccinic acid has already 
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been described (1). The barium salt was dissolved in water, with the aid 
of some dilute hydrochloric acid, and converted to the sodium salt just be¬ 
fore use. Oxalacetic acid was obtained by hydrolysis of diethyl oxalacetate 
according to Krampitz and Werkman (2), with modifications suggested by 
Dr. Fritz Lipmann. 6 The preparation of acetoacetic acid was made accord¬ 
ing to Davies (5). Crystalline sodium pyruvate and a-ketoglutaric acid 
were prepared as previously described (11). 

SUMMARY 

The catalytic decarboxylation of oxalosuccinic and oxalacetic acids by 
aluminum ions is preceded by the formation of unstable intermediates hav¬ 
ing characteristic ultraviolet absorption spectra. The peaks are at 252 and 
274 m/x respectively. The intermediates are assumed to be 0-keto acid- 
aluminum complexes which undergo rapid decarboxylation. Acetoacetic 
acid forms a similar but stable complex with Al +++ . Spectral changes oc¬ 
curring with Mg 4f and Mn ++ also suggest the formation of complexes with 
these cations. 

In the presence of Mn 44 and oxalosuccinic acid, oxalosuccinic carboxy¬ 
lase causes a pronounced increase in absorption at 240 m/x, presumably as 
a result of increased formation of an intermediate oxalosuccinate-manganese 
complex; this increase is followed by a rapid drop, indicating decarboxyla¬ 
tion. These effects of the enzyme are markedly augmented, as is the de¬ 
carboxylation of oxalosuccinate followed manometrically, by an increase of 
the ionic, strength of the reaction mixtures to 0.134 m. 

In the presence of Mn++ and oxalacetic acid, oxalacetic carboxylase 
brings about a rapid decrease in absorption, indicating decarboxylation, at 
230 m/x. At 290 m/x this decrease is preceded by a small transient increase. 
In this case, if the carboxylase brings about an increased formation of an 
intermediate oxalacetic-mangaiiese complex, the decarboxylation of this 
complex must be increased to a similar extent. 

The spectropliotometric and manometric changes produced by oxalosuc¬ 
cinic and oxalacetic carboxylases on their respective substrates are strictly 
specific, with regard to jS-keto acid and metal. 

The above results are discussed in connection with the mechanism of the 
reactions catalyzed by cations and by 0-keto acid carboxylases. 

We wish to thank Dr. Isidor Greenwald and Dr. Milton Levy for helpful 
suggestions. We are also indebted to Mr. Morton C. Schneider for skilful 
technical assistance. 

* Personal communication. We are very indebted to Dr. lipmann for this in¬ 
formation. 
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THE STEREOCHEMISTRY OF AN ENZYMATIC REACTION: 

THE OXIDATION OF 1-, d-, AND ept-INOSITOL 
BY ACETOBACTER SUBOXYDANS* 
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(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York ) 

(Received for publication, December 10, 1947) 

The property of certain members of the group of acetic acid bacteria (1) 
that brings about the incomplete oxidation of various substrates, stopping 
often at the primary oxidation product, is emphasized in the name of the 
bacterial type with which this paper deals, Acetobacter suboxydans (2). 
The action of this organism on polyhydroxy compounds terminates, as a 
rule, with the formation of a monoketo compound. Certain sterical limita¬ 
tions, observed experimentally, have found their expression in the well 
known rule of Bertrand (3) which, however, does not apply to all substrates 
(1, 4). 

It occurred to us that the stereochemical specificity of this interesting 
enzyme system could be defined with greater precision if a stereoisomeric 
series of cyclic polyhydroxy compounds were employed as the substrates of 
oxidation, since in this case the lack of free rotation around carbon to car¬ 
bon bonds should permit a clearer correlation between reactivity and the 
spatial arrangement of the reactive groups. For this purpose, several iso¬ 
mers of the inositol group and related cyclitols were chosen. The oxidation 
rates were studied manometrically and whenever possible the oxidation 
products isolated and identified. 

The experiments, which in part have been presented very briefly in a 
preliminary communication (5), were carried out with resting cells. 1 Since 
the localization of the enzyme system within the bacterial cell is unknown, 
it is not yet possible to present an adequate discussion of the reasons for the 
differences in oxidation rates found for the several stereoisomers. Should 
the speed of permeation of the substrate into the cell prove to be the rate¬ 
determining step, then it would become necessary to consider the bacterial 

* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research Coun¬ 
cil. 

t This report is from a dissertation to be submitted by Boris Magasanik in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in the Faculty 
of Pure Science, Columbia University. 

1 The oxidative enzymes of Acetobacter have so far not been obtained in a cell-free 
state (1). 
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cell wall as a sterically selective system. If the enzyme is situated at the 
bacterial surface or if a non-selective diffusion operates, the rates of oxida¬ 
tion would be an expression of the equilibrium conditions governing the 
formation of the particular substrate-enzyme complex or its reaction with 
oxygen. (For recent discussions of permeability, cf . (6,7).) In any event, 
the selection for enzymatic attack of one or more of the sterically distinct 
secondary hydroxyl groups of the inositol must derive from the direct action 
of the bacterial oxidase on the cyclitol. The nature of the Acelobacter oxi¬ 
dase or oxidases, however, still is completely unknown. 

While it cannot yet be stated definitely that the same enzyme is responsi¬ 
ble for the oxidation of the different stereoisomers discussed here, the pre¬ 
liminary information available would appear to favor this assumption. 
Mixtures of meso- and d-inositol, each in a concentration sufficient to satur¬ 
ate the enzyme system, were found to be oxidized at a rate identical with 
that at which either of the components alone was handled. Furthermore, 
the resting bacteria (cultivated in the presence of D-sorbitol, but in the ab¬ 
sence of the inositol isomeis) oxidized even as unusual substrates as epi- 
inositol or d-e/n-inosose without a lag phase, as should have been the case 
if adaptation had been a requisite for enzymatic oxidation. 

The planar projections of the cyclitols used as substrates and of some of 
the oxidation products are shown in structures I to XI. The structure of 
I is based on the work of Dangschat and Fischer (8) and of Posternak (9), 
and that of II (10), III (9), IV (11), VI (12), and VII (9) on the series of 
brilliant studies by Posternak. 2 

The maximal oxygen consumption of the various substrates is summarized 
in Table I. In these experiments, carried out with a high concentration of 
bacteria, the diffusion of oxygen into the suspension became the limiting 
factor. Veronal buffer could be substituted for the usually employed phos¬ 
phate buffer of pH 6.0 without changing the nature of the oxidation of meso- 
inositol. 

In the case of meso-inositol (I) the results of Kluyver and Boezaardt (14) 
were confirmed. The consumption of 1 gm. atom of oxygen per mole of 
substrate indicated the formation of a monoketo derivative, meso-inosose 
(VII). This compound has frequently been isolated in different labora¬ 
tories (14-16). 

Similar results were obtained with epi-inositol (II) which yielded a levoro- 

* The numbering of the. carbon atoms is similar to the one adopted by Ebel ((13) 
p. 619). The carbon atoms are numbered clockwise, 1 and 6 chosen with their hy¬ 
droxyls in trans position. The structure is arranged in such a manner as to have as 
many hydroxyl groups as possible cis to the one in position 1. Where this scheme 
allows two possibilities, that arrangement is chosen in which the carbon atoms with 
hydroxyls cis to the one in position 1 have the lowest positional numbers. The same 
system is used for keto and desoxy derivatives. 
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L mc$o-Inositol; cyclohexane-(1,2,3,5)- II. epi-Inositol; cyclohexane-(1,2,3,4,5)- 

m-hexol cis-hexol 



III- Scyllitol; cyclohexane-(l ,3,5)- 
cis-hexol 



IV. /-Inositol; cyclohexane-(1,2,4) 
cts-hexol 



V. d-Inositol; cyclohexane-(1,2,5)- 
cts-hexol 



VII. W 680 -Inoeose; cy clohexane-(1,3,5)- 
m-pentol-2-one 



IX. d-ept-Inoaose;cyclohexane-(1,2,3,5)- 
cis-pentol-4-one 



VI. d-Quercitol; cyclohexane-(1,2,5)- 
cis -3,6-pentol 



VIII. /-ept-Inosose; cyclohexane- 
(1,3,4,5)cts-pentol2-one 



X. Cyclohexane-(l, 5)ci«-tetrol-3,4- 
dione 



XI. Cyclohexane-(1,3)cis-tetrol-4,5-dione 

tatory monoketo compound (5). The study of this derivative, included in 
the experimental part, served to establish its structure as either VIII or IX, 
that of cpi-inositol as II, and that of the inosose obtained by the action of 
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nitric acid on meso-inositol (17) as the dl compound VIII + IX; but since 
analogous findings were in the meantime presented independently by Pos- 
teraak (10), who proved the structure of the levorotatory ketone to be 
VIII, a detailed discussion appears superfluous. 

dl-epi-Inosose (VIII + IX), formed by the action of nitric acid on I, was 
found to consume 0.25 mole of oxygen per mole of substrate. Inasmuch as 
f-ept-inosose (VIII), the end-product in the oxidation of epi-inositol, is re- 

Table I 

Maximal Oxygen Consumption 

The Warburg vessels in each experiment contained 0.5 cc. of the suspension of 
resting Acetobacter suboxydans (about 5 mg. of bacterial N) and 2 cc. of 1/15 u phos¬ 
phate buffer of pH 6.0 in the main compartment, 0.5 cc. of the substrate solution in 
the side arm, and 0.2 cc. of 10 per cent KOH in the center well. The experiments 
were carried out at 38 s in the presence of air. 


Substrate 

Oxygen consumption, moles per mole 
substrate 

Duration of oxy¬ 
gen uptake 

meto-Inositol 

Micromoles 

6.6 

0.47, 0.50 

min. 

10 


13.9 

0.60,0.60 

15 


13.9* 

0.51, 0.47 

15 

2-Inositol 

6.6 

1.01,1.03, 1.00 

20-25 

(2-Inositol 

10.0 

1.00,0.97,0.99 

50 

Scyllitol 

6.8 

0 


epi-Inositol 

8.7 

0.51, 0.49 

10 

dl-epi-Inosose 

6.8 

0.26 

15 


13.4 

0.27, 0.27 

15 


17.7 

0.26,0.26 

20 

Quebrachitol 

12.6 

0 


Pinitol 

7.8 

0 


(2-Quercitol 

7.0 

0.95,0.97,0.96, 1.01 

50f 


7.0J 

0.60,0.47 

35 


* In this experiment veronal buffer (pH 6.0) was substituted, 
t The first gm. atom of oxygen was consumed within about 7 minutes. 

% This experiment was performed with only about 0.7 mg. of bacterialN per vessel. 


sistant to further oxidation, one may conclude that each mole of d-epi- 
inosose (IX) reacted with 0.5 mole of oxygen, giving rise to a diketo com¬ 
pound. Attempts at the isolation of this derivative have not yet been 
successful. The second carbonyl group probably is not vicinal to the one 
present in IX, since such a-diketones readily give rise to bisphenylhydra- 
zones; it more probably occupies position 2 of IX, by analogy to the oxida¬ 
tion of epf-inositol. The oxidation product was found to have acidic prop¬ 
erties, which is in agreement with the expected behavior of an enolized 
0-diketone. 
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The two optically active stereoisomers, l-inositol (IV) and d-inoaiiol (V), 
each reacted with 2 gm. atoms of oxygen per mole of substrate. From 5 to 
20 day-old culture fluids of Acetobacter suboxydans containing these sub¬ 
stances the oxidation products could be isolated by means of phenylhydra- 
zine, but only in the case of the l compound was the yield good. Both 
products obtained in this manner from l- and d-inositol respectively proved 
to be bisphenylhydrazones of diketo inositols; they formed yellow needles 

£ 



Fio. 1. Absorption spectrum (in absolute ethanol) of the a-bisphenylhydraione 
of cyclohexane-(l,5)ci8-tetrol-3,4-dione (XII) obtained from 2-inositol. 

with identical melting points, identical absorption spectra (Fig. 1) charac¬ 
teristic for osazones (18), and optical rotations equal but opposite in sign. 
When equal amounts of the two substances were permitted to crystallize 
together, a new compound with a lower melting point, but an unchanged ab¬ 
sorption spectrum, was obtained. The two bisphenylhydrazones clearly 
were enantiomorphs. The consumption of periodic acid in 66 per cent al¬ 
cohol at room temperature corresponded to 3 moles of the oxidant per mole 
of bisphenylhydrazone (19). These findings serve to establish these com¬ 
pounds as a-bisphenylhydrazones. The reaction products obtained by the 
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action of periodic acid on these substances are discussed in another com¬ 
munication (20). 

The exact configurations of the a-bisphenylhydrazones obtained from the 
biological oxidation products, of Z- and d-inositol were determined by com¬ 
paring their racemic mixture with an a-bisphenylhydrazone of a diketo 
inositol obtained by Carter el al. (21) by the action of phenylhydrazine on 
the phenylhydrazone of mem -inosose (VII). 8 In this compoimd the second 
phenylhydrazono group must have been introduced into positions 1 and 3 
respectively, leading to a racemic mixture of XII and XIII. 


C 6 HftNH~ N N NHfUHt 



(XII) 


N—NHOeH 6 

i< ^| ^ >=N—NHO.Hi 


(XIII) 


Both racemic mixtures exhibited the same absorption spectrum, identi¬ 
cal with the one shown in Fig. 1, and identical melting points. Their mix¬ 
ture showed no depression of the melting point. Structure XII can, there¬ 
fore, be assigned to the dextrorotatory compound obtained from {-inositol, 
structure XIII to the levorotatory substance produced from rf-inositol. 

{-Inositol (IV) has thus been shown to be oxidized by Acetobacler subox y- 
dans in positions 1 and 6 to yield the a-diketone X; d-inositol (V), attacked 
in the corresponding mirror image positions 2 and 3, affords the a-diketone 
XI. This appears to be the first instance of the production by this micro¬ 
organism of a dicarbonyl compound from a polyhydric alcohol. 4 

Quebrachitol and pinitol, the naturally occurring monomethyl ethers of 
{- and d-inositol respectively, were not oxidized by Acetobacter . The po¬ 
sition of the methoxyls in these compounds is not known. Scyllitol (III) 
likewise was not attacked. 

d-Querdtol (VI) consumed 2 gm. atoms of oxygen per mole of substrate. 
The 2nd gm. atom was taken up at a much slower rate. With a lower con¬ 
centration of bacteria, the oxygen uptake terminated with the consumption 
of the first half mole, a phenomenon not observed with the optically active 
inositols. 

The rates of oxygen uptake by equal quantities of the various substrates, 

* We should like to thank Dr. H. E. Carter of the University of Illinois for a speci¬ 
men of this compound and for a personal communication concerning the mode of 
formation of this osazone. 

4 The production by Acetobacter evboxydans of a diketo derivative from meso- 
inositol has been reported by one group of workers (22-25). This product does not 
appear to have been observed in other laboratories (14-16) nor iB its formation com¬ 
patible with the manometric measurements presented previously (5, 14) and in this 

paper. 
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insufficient in concentration to give maximal oxidation rates, are presented 
in Table II. When, as is done in Table II, these rates are related to the 
rate of oxygen consumption by meso-inositol at the same bacterial concen¬ 
tration, it will be seen that under the experimental conditions the various 
substrates were oxidized at widely differing rates, d-inositol being the most 
slowly and epi-inositol the most rapidly oxidized stereoisomer. The slow 
oxidation of d-inositol may be responsible for the low yield of oxidation prod¬ 
uct obtained in the culture experiments. 6 

Table II 

Comparison of Oxidation Rates 

The Warburg vessels in each experiment (carried out at 38°) contained 0.5 cc. of 
the suspension of resting bacteria and 2 cc. of 1/15 m phosphate buffer of pH 6.0 in the 
main compartment, 0,5 cc. of solution containing 7 micromoles of substrate in the 
side arm, and 0.2 cc. of 10 per cent KOH in the center well. 


Bacterial N 

Substrate 

QOi <N) 

QOj (N) (substrate) 



QOj (N) (mew-inositol) 

mg. 




0.36 

meso-Inositol 

-370 



cpi-Inositol 

—620 

1.7 

0.59 

meso-Inositol 

-530 



cpt-Inositol 

-880 

1.7 


d-epf-Inosose* 

-280 

0.5 

0.72 

d-epi -Inosose* 

-230 

0.4f 


d-Quercitol 

-240 

0.4f 

0.89 

d-epi- Inosose* 

-330 

0.5f 

0.94 | 

meso-Inositol 

-740 

i 

Z-Inositol 

-430 

0.6 

1 

i 

d-inositol 

-170 

0.2 


* 14.0 micromoles of dl-epi -inosose were used, 
f The corresponding values for meso-inositol were interpolated. 


The maximal rates of oxidation of meso- and d-inositol are compared in 
Table III. In these experiments the enzyme system was saturated with 
respect to substrate. The maximal rates of oxygen uptake were found 
identical for both isomers and also for their equimolar mixture (Table III, 
Preparation 2). But the meso compound was oxidized at the maximal rate 
at a concentration at which the oxidation of d-inositol had not yet reached 
its maximum (Table III, Preparation 1). Some of the possible explanations 
of this difference in saturation levels have been mentioned above. If the 
influence of the cell wall on the speed of diffusion of the two isomers is dis- 

8 A much better yield of derivative XIII could be obtained in preparatory experi¬ 
ments with resting bacteria, as will be described on a later occasion. 
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regarded, the results shown in Table III seem to indicate that the equilib¬ 
rium conditions governing the combination between enzyme and substrate 
are responsible for the differences. 

The steric specificity of the enzyme system responsible for the oxidations 
that form the subject of this paper can now be discussed succinctly. It is, 
of course, evident that the structural formulae I to XIII of this series of 
cyclohexane derivatives do not describe the actual positions in space of the 
various atoms, but merely represent planar projections based on the con¬ 
ventions introduced into stereochemistry by Emil Fischer (26). 

Table III 

Maximal Rates of Oxidation 

The Warburg vessels in each experiment (38°) contained 0.5 cc. of the bacterial 
suspension and 2 cc. of 1/15 m phosphate buffer of pH 6.0 in the main compartment, 
0.5 cc. of substrate solution in the side arm, and 0.2 cc. of 10 per cent KOH in the 
center well. 


Bacterial prepa¬ 
ration No. 

Bacterial N 

mew-inositol 

d‘ Inositol 

0 Ol (N) 

Qq, (N) (substrate) 

<?O t W (wwo-inositol) 


mt. 

micromoles 

micromoles 



1 

0.47 

28.2 


-990 




56.4 


-1100 





28.2 

-340 

0.35 




56.4 

-680 

0.62 



28.2 

28.2 

-940 

0.85 

2 

0.15 

225 


-1700 




450 


-1570 





225 

-1730 | 

1.0 




450 

-1920 

1.2 



225 

225 

-1680 

1.1 


Recent work based on electron diffraction studies (27) and spectroscopic 
(28) and thermodynamic (29) properties has led to the conclusion that at 
room temperature cyclohexane exists predominantly in the chair configu¬ 
ration. If the conceptions applied to cyclohexane and its mono- and 
dimethyl derivatives (29, 30) are extended to the inositols, it will be seen 
that six of the substituents (hydroxyl or hydrogen) surround the ring of 
carbon atoms in what has been called an equatorial belt; the six others are 
perpendicular to the plane formed by the carbon ring: three above (north 
polar), three below (south polar). Each carbon atom will, therefore, carry 
l polar and 1 equatorial substituent. A twist of the 6 carbon atoms 
through a single plane to the opposite chair form renders the equatorial 
substituents polar and vice versa (30). 
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Consequently, there will exist two geometrically tautomeric forms for 
each inositol isomer. By analogy to the methyl-substituted cyclohexanes 
(29) it may, however, be assumed that the tautomer possessing the smaller 
number of polar hydroxyls will predominate. The constellations of com¬ 
pounds I to XI, based on the postulates outlined here, are compared in 
Table IV. 

The inspection of atomic models of the inositols shows the position of the 
hydroxyl groups to be very unfavorable to the formation of cyclic com¬ 
pounds, such as benzylidene or isopropylidene derivatives. This is in line 

» Table IV 


Spatial Configurations of Inositol Isomers and Related Substances 


Planar 

Compound 

Position of hydroxyls on carbon atoms 

Position of 
hydroxyls 
oxidised by 
Acetobacitr 
suboxydans 

projection 

, 

Equatorial 

North 

polar 

South 

polar 

i 

meso-Inositol 

1, 3, 4, 5, 6 

2 

— 

2 

II 

epi-Inositol 

1,3, 5,6 

2,4 

— 

2 

III 

Scyllitol 

1, 2, 3, 4, 5, 6 

- 

- 

- 

IV 

Mnositol 

2, 3, 4, 5 

1 

6 

1,6 

V 

d-Inositol 

1,4, 5,6 

2 

3 

2,3 

VI 

d-Quercitol 

1,5,6 

2 

3 

* 

VII 

meso-Inosose 

1,3,4, 5,6 

— 

— 

— 

VIII 

l-epi -Inosose 

1, 3, 5, 6 

4 

— 

- 

IX 

d-ept-Inosose 

1, 3, 5, 6 

2 

— 

t 

X 

Cyclohexane - (l,5)ci« - 
tetrol-3,4-dione 

1, 2, 5, 6 

— 

*T 

■— 

XI 

Cyclohexane - (1,3 )cts - 
tctrol-4,5-dione 

1,2,3,6 


" 

" 


* 2 gm. atoms of oxygen taken up per mole of substrate, 
f 1 gm. atom of oxygen taken up per mole of substrate. 


with the great difficulty with which the condensation of meso-inositol with 
acetone is brought about (8). 

Recent work on the configuration and the biological activity of the 
hexachlorocydohexanes also provides interesting analogies to the inositols. 
Among the structures, assigned by Slade (31) to the different isomers, y- 
hexachlorocyclohexane corresponds to configuration I in Table IV, the a 
isomer to a racemic mixture of IV and V, and the 0 compound to III. The 
biological antagonism of y-hexachlorocyclohexane to meso-inositol as a 
growth factor for yeast (32) also is suggestive of a spatial similarity between 
these compounds. Moreover, the melting points of the two series of cyclo¬ 
hexane derivatives show a parallel trend. meso-Inositol, dZ-inositol, and 
scyllitol melt at 218°, 253°, and 345° respectively; the respective melting 
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points of the 7 , a, and 0 isomers of hexachlorocyclohexane are at 112°, 158°, 
and 309°. 

The specific steric requirements for oxidation can, on the basis of the 
structures assigned- to the inositols (Table IV), be expressed as follows: 
Only polar hydroxyl groups are oxidized . In the case of e/n-inositol (II), 
where two hydroxyls are situated in the same polar plane, only one is 
attacked by the enzyme to yield l-epi- inosose (VIII). The enantiomorph 
d-epi-inosose (IX), however, is further oxidized. Additional work will be 
necessary to show whether the relative position of the polar hydroxyls with 
respect to the hydrogen atom in the same polar plane is of importance for the 
extent of oxidation. 

The study of the oxidation of aliphatic polyhydric alcohols by Acetobacter 
has led to the conclusion that only those hydroxyl groups are attacked that 
are situated between a primary hydroxyl and a secondary one in cis position 
(3, 4). Of the enantiomorphs, the isomer possessing the d configuration 
with respect to the secondary cis hydroxyls is oxidized more readily (4). A 
similar relationship appears to apply to cyclic enantiomorphs of the inositol 
series. In /-inositol, which is much more rapidly oxidized than the 
d isomer, the hydroxyl groups that are oxidized and the neighboring cis 
hydroxyl groups have the d configuration. 

The findings reported here permit the inference that, in the aliphatic 
polyhydroxy compounds attacked by the Acetobacter- oxidase system, the 
position in space of a secondary hydroxyl group between a primary alcohol 
group and another secondary cis hydroxyl corresponds to the position of a 
polar hydroxyl group between two equatorial ones in the inositol molecule. 

It should be pointed out that the studies on the enzymatic oxidation of 
inositol isomers, which are being continued, may prove of more general 
biological interest in several respects. The great importance of myo¬ 
inositol as a growth factor for certain microorganisms ((33) p. 207), the 
discovery of a deficient mutant of Nmroepora crassa requiring inositol (34), 
and the dietary significance of this compound in animal nutrition (35) all 
require a better insight into the ways in which meso-inositol and its isomers 
are dealt with by living cells. Moreover, one of the constituents of strep¬ 
tomycin has been shown to be a 1,3-diguanido-2,4,5, 6 -tetrahydroxycyclo- 
hexane (36,37). In view of what has been Baid above about the oxidation 
of d-epi- inosose (IX) by Acetobacter , it is possible that additional work will 
lead to the preparation of 1 ,3-substituted inositol derivatives of biological 
interest. 

EXPERIMENTAL 

Material 

Acetobacter euboxydane was obtained from the American Type Culture 
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Collection (No. 621). The culture methods employed will be discussed 
below. 

d-Quercitol and meso-inositol were purified commercial preparations. 

A crude preparation of pinitol was obtained through the courtesy of 
Professor R. C. Elderfield of this University. It was purified by repeated 
decolorization of its aqueous solution with charcoal (Darco G-60) and 
crystallization from 75 per cent ethanol. The pure pinitol, melting 6 7 at 
185-186°, [a]£° = +66.4°, yielded, on treatment with hydriodic acid (38), 
d-inositol (86 per cent of the theoretical yield, crystallized from 72 per cent 
ethanol) which had a melting point of 249-250° and [a]f = +65.0° (in 
water). 

The crude quebrachitol , obtained some years ago from the British Rubber 
Research Association, London, was freed of traces of sulfate by treatment 
with barium hydroxide and crystallized by the addition of 1.8 parts of hot 
acetone to the hot aqueous solution. The pure monomethyl ether melted 
at 195°. It yielded, when treated with hydriodic acid, l-inositol (83 per 
cent of the theory, crystallized from 70 per cent ethanol) which melted at 
249-250° and had [a]™ = —63.8° (in water). 

Sycllitol 1 was prepared from meso- inositol by the method of Postemak 
(15), m.p. 345° (with decomposition); its hexaacetyl derivative melted at 
296-297°. dl-epi-Inosose , m.p. 221° (with decomposition), was prepared by 
the action of nitric acid on racso-inositol (17). epi-Inositol , m.p. 285° (with 
decomposition), was obtained by the catalytic hydrogenation of dl-epi - 
inosose (17). 

Oxidation of Inositol Stereoisomers and Related Substances by 
Acetobacter suboxydans 

Cultivation of Bacteria —The cells were grown at 30° in a medium contain¬ 
ing 50 gm. of D-sorbitol and 10 gm. of yeast extract (Difco) in 1 liter of tap 
water. When larger quantities of resting organisms were required, the 
cultivation was carried out in Roux bottles containing 150 cc. of the liquid 
medium and 4.5 gm. of agar. A 3 cc. portion of a 3 day-old liquid culture 
served as the inoculum for each Roux bottle. After 70 hours the cells were 
collected in physiological saline, centrifuged in the cold at 4000 R.P.M., and 
washed three times with ice-cold saline. They were then again suspended 
in physiological saline. In all experiments bacteria collected the same day 
were used. 

6 The melting points, reported without correction, were determined with an elec¬ 
trically heated stage (Fisher-Johns). Unless noted otherwise, the intact crystals 
were placed on the stage preheated to about 5-7° below the melting point. 

7 The melting points of scyllitol and hexaacetyl scyllitol were determined in capil¬ 
laries. 
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Maximal Oxygen Consumption —When 0.5 cc. of a bacterial suspension in' 
physiological saline containing about 5 mg. of bacterial nitrogen was per¬ 
mitted to act on 5 to 18 micromoles of the various substrates in a total 
volume of 3 cc., very rapid oxidation took place. The reaction was con¬ 
sidered as terminated when the amount of oxygen consumed in a 5 minute 
interval was no greater than that taken up in the same period by the resting 
bacteria alone (i.e. about 2 microliters). Table I summarizes the results. 

Comparison of Oxidation Rates —The rates at which the several substrates 
were dehydrogenated were compared in a series of experiments in each of 
which 7 micromoles of substrate and small amounts of resting bacteria 
(0.36 to 0.94 mg. of bacterial nitrogen) were employed. These experiments 
are presented in Table II. For the calculation of the Qoi (N), the time 
interval for which the oxygen uptake was linear was used. 

Maximal Rates of Oxidation —In the preceding experiments the enzyme 
system was not saturated with respect to substrate. The saturation levels 
for meso- and d-inositol were compared in another experiment reproduced in 
Table III. 

Formation of Compound X from l-Inositol 

Preparation—Acetobader suboxydans was grown for 3 days at 30° in a 
medium consisting of 0.2 gm. of D-sorbitol, 0.2 gm. of yeast extract (Difco), 
and 0.5 gm. of 1-inositol in 10 cc. of tap water. The culture was then trans¬ 
ferred under sterile conditions to a 2.5 liter Fembach flask containing a 
sterilized solution of 4.5 gm. of 1-inositol in 90 cc. of tap water. Following 
incubation for 5 days at 30° the bacteria were removed by filtration through 
infusorial earth and a solution of 10 cc. of freshly distilled phenylhydrazine 
in 20 cc. of 50 per cent acetic acid was added to the filtrate. Crystals soon 
made their appearance at room temperature and transformed the mixture 
which was cooled overnight to a semisolid paste. The crystals which at this 
stage were contaminated with a red oil were filtered off, washed with ice-cold 
water, and spread on a porous plate. To their filtered solution in 75 cc. of 
hot pyridine, 200 cc. of hot water were added slowly. The chilled mixture 
deposited 4.2 gm. of reddish yellow crystals (42 per cent of the theoretical 
yield) which were recrystallized from a 1:1.6 mixture of water and methyl 
cellosolve (ethylene glycol monomethyl ether), following the treatment of 
the methyl cellosolve solution with 5 gm. of activated charcoal (Darco 
G-60). The crystals (2.9 gm.) were recrystallized once more from 3 parts 
of methyl cellosolve and 2 parts of water when 2.6 gm. of the a-bisphenylhy- 
drazone of cydohexane-(l,5)cis-tetrol-3,4-dione (XII) were obtained as long 
yellow needles with a greenish sheen melting (with decomposition) at 217°. 
The optical rotation in 1:1 ethanol-pyridine (c = 0.793, l = 0.5 dm., a D = 
+0.95°) wasfound as [<*]“ = +240° (initial); after24 hours (a„ = +0.85°) 
it was [a]? *= +214°. 
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CmH* 0«N4 (366.4). Calculated. C 60.7, H 5.7, N 15.7 

Found. “ 60.8, " 5.8, “ (Dumas) 15.4 

The absorption spectrum of this phenylosazone (0.0273 mu solution in 
absolute ethanol) is reproduced in Fig. 1. 

The substance was extremely refractory to attempts at splitting or con¬ 
version. Efforts to prepare the free diketone by the treatment of the 
osazone with pyruvic acid (39) led to no result, nor was it possible to obtain 
the corresponding osotriazole (40). 

Action of Periodic Acid on Compound XII —The HIO« consumption was 
determined by treating 20 cc. portions (each containing 36.5 micromoles of 
the osazone in 60 per cent ethyl alcohol) with 325 micromoles of periodic 
acid in 0.5 cc. of water at room temperature for 1 hour (19). The excess 
periodic acid was determined with 0.1 n sodium arsenite in the usual 
manner. The average consumption (per mole of compound) of periodic 
acid was 3.05 moles. 

Formation of Compound XI from d-Inositol 

10 cc. of a 3 day-old culture of Acetobader suboxydans containing 2 per 
cent D-sorbitol, 2 per cent yeast extract (Difco), and 5 per cent d-inositol 
were added to a sterile solution of 9.5 gm. of d-inositol in 140 cc. of 
tap water. After incubation at 30° for 14 days the mixture, which showed 
heavy growth, was filtered through infusorial earth. The red crystals, 
appearing soon after the addition to the filtrate of 25 cc. of phenylhydrazine 
in 50 cc. of 50 per cent acetic acid, were washed with ethyl alcohol and 
dried.® The recrystallization of this material (4.7 gm.) from a mixture of 
2 parts of water and 3 parts of methyl cellosolve yielded 260 mg. of the 
a-bisphenylhydrazone of cyclohexane-(l ,8)d8-telrol-4,5-dione (XIII). The 
long yellow needles, after one additional recrystallization from aqueous 
methyl cellosolve melted (with decomposition) at 217°. The optical rota¬ 
tion in 1:1 ethanol-pyridine (c = 0.567, l = 0.5 dm., « n = —0.71°) was 
found as [a]® = —250°; at equilibrium (after 24 hours) a„ was —0.64°; 
therefore [a]? = —222°. 

CttHaCM (356.4). Calculated. C 60.7, H 5.-7, N 15.7 

Found. “ 61.0, “ 5.7, “ (Dumas) 15.3 

The absorption spectrum of the levorotatory bisphenylhydrazone corre- 

' The crude crystals were found to contain, in addition to the osazone, a phenyl- 
hydrazone of a monoketo derivative of d-inositol which could be separated by virtue 
of its complete insolubility in hot absolute ethanol. Several recrystallizations from 
aqueous pyridine yielded oolorless plates which melted (with decomposition) at 197- 
199°. Calculated for CnH«0,Ni (268.3), C 53.7, H 6.0, N 10.4; found, C 53.3, H 5.7, 
N 10.0. 
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sponded completely with that exhibited by the dextrorotatory derivative 
(Fig. 1) obtained from Z-inositol. 

This substance, when examined as described before in this paper, was 
found to consume 2.9 moles of periodic acid. 

Racemic Inosazone 

A mixture of equal amounts of the d- and Z-inosazones, described in the 
preceding sections, was recrystallized from 2:3 water-methyl cellosolve. 
The yellow crystals of the racemic mixture melted (with decomposition) at 
206° when placed on the stage at 200°. 

The properties of these racemic crystals were compared with those of the 
phenylosazone obtained by the action of phenylhydrazine on the phenyl- 
hydrazone of meso-inosose (21). This compound, recrystallized from 2:3 
water-methyl cellosolve, likewise exhibited a melting point (with decompo¬ 
sition) of 205° (stage preheated to 200°). Both substances gave the same 
absorption spectrum, which was identical with the one reproduced in Fig. 1. 

For the determination of mixed melting points, the effect of crushing on 
the melting points of the various substances had to be studied. The finely 
powdered preparations were found to decompose, without truly melting, at 
temperatures somewhat lower than the melting points of the crystals them¬ 
selves. The powders of the dextrorotatory (XII) and levorotatory (XIII) 
osazones both had decomposition points of 210°; their mechanical mixture 
decomposed at 203-206°. The finely powdered racemic mixture obtained by 
joint crystallization of the two osazones decomposed at 199°, the osazone 
described by Carter el al . (21) at 198-199°. No depression of the decompo¬ 
sition point was observed with a mixture of the two racemic osazones. 

Formation of l-epi-Inosose (VIII) from epi-Inosilol (II) 

5 cc. of a 3 day-old culture of Acetobacter subozydans in the sorbitol-yeast 
extract medium were added to a sterile solution of 5 gm. of epi-inositol, 
0.85 gm. of yeast extract (Difco), and 0.17 gm, of D-sorbitol in 170 cc. of tap 
water. The mixture was incubated in a large Fernbach flask at 30° for 7 
days. The culture fluid, which showed heavy growth, was filtered through 
infusorial earth and the filtrate concentrated to dryness in vacuo . The 
solution of the residue in 10 cc. of water deposited 3.0 gm. of crystalline 
material on the addition of 90 cc. of ethanol. The crude product was dis¬ 
solved in 15 cc. of water and converted to the phenylhydrazone by the 
addition of 3 cc. of phenylhydrazine in 6 cc. of 50 per cent acetic acid. 

The phenylhydrazone was washed with water and ethyl alcohol (weight 
3.17 gm.; decomposition point 197°) and decomposed in the customary 
maimer by refluxing its suspension in 65 cc. of water with 4.8 cc. of freshly 
distilled benzaldehyde and a small amount of benzoic acid for 20 minutes. 
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The filtrate from the chilled reaction mixture was extracted with ether and 
evaporated to dryness in vacuo. To the solution of the residue in 25 cc. of 
hot water 100 cc. of hot ethanol were added. The mixture, following filtra¬ 
tion while hot, deposited, on being chilled, 524 mg. of l-epi-inosose (VIII), 
white needles melting (with decomposition) at 194-196°. Another prepa¬ 
ration of this ketone, obtained in a similar manner, melted (with decompo¬ 
sition) at 198°. The substance was levorotatory in water (c = 2.54, l = 2 
dm., a D = —0.26° =t 0.02°); [a] 2 J = —5.1° ± 0.4°. It showed no muta- 
rotation. Its solution reduced Benedicts solution in the cold. 

C«Hi 0 O« (178.1). Calculated, C 40.5, H 5-7; found, C 40.4, H 5.7 

For reduction, 50 mg. of l-epi- inosose in 6 cc. of water were shaken with 
four 300 mg. portions of 2.5 per cent sodium amalgam. The reaction mix¬ 
ture was kept acid by the addition of four portions of 0.37 cc. of N acetic 
acid. The dry evaporation residue of the supernatant was heated under a 
reflux with 2 cc. of acetic anhydride for 20 minutes. The excess reagent 
.was decomposed with 5 volumes of water. The chilled mixture deposited 
77 mg. of crystalline material which was extracted with 0.8 cc. of boiling 
ethanol. The insoluble residue was recrystallized from 6 cc. of absolute 
ethanol, when 22 mg. of hexaacetyl mcso-inosiiol were obtained, melting at 
216-217°. Admixture of an authentic specimen of this hexaacetate 
produced no depression of the melting point. 

The authors are indebted to Mr. W. Saschek for the microanalyses. 

SUMMARY 

The mechanisms of oxidation by Acetobacter suboxydans of several isomers 
of the inositol group and related cyclitols have been studied. The extent 
and rate of oxygen uptake by the different substrates have been determined 
and the oxidation products or their derivatives isolated and identified. 
cpi-Inositol has been shown to yield a monoketone, l-epi- inosose; l- and 
d-inositol gave rise to a-diketones whose configurations have been ascer¬ 
tained. Scyllitol and the monomethyl ethers quebrachitol and pinitol were 
not attacked. On the basis of these results and in the light of recent work 
on the stereochemistry of cyclohexane, the minimum steric requirements 
for the oxidation of inositol isomers by Acetobacter suboxydans can be de¬ 
scribed in the statement that only those hydroxyl groups are oxidized that are 
situated in a polar plane . 
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The difference between the concentration of glucose in arterial and venous 
blood (A-V, arteriovenous difference) is largely a reflection of the rate of 
glucose assimilation in the extrahepatic tissues, mainly in the muscles; any 
change in the A-V should, therefore, supply valuable information regarding 
the effects of various factors which influence glucose assimilation. Yet the 
yield of investigations in this field is rather meager and often confusing. 
As a matter of fact, the only well demonstrated facts are first, that in lack 
of insulin (in the depancreatized animal) the A-Y is extremely small and, 
second, that injection of insulin produces an increase in the A-V. Another 
known fact, namely the increase of A-V in the normal organism dining 
alimentary hyperglycemia, is attributed to an increased insulin supply from 
the islands of Langerhans. 

These facts imply that the magnitude of the A-V is more or less pro¬ 
portional to the insulin supply. According to the current concept of 
human diabetes, then, the A-V should be invariably lower in diabetic than 
in normal persons. Clinical studies, however, show that after glucose feed¬ 
ing most diabetics exhibit A-V values as great as, and often greater than, 
the average normal person does. Unexpected and challenging as these 
findings are, they failed to elicit any satisfactory explanation. 

Even more puzzling are repeated reports of the occurrence of negative 
A-V values in the postabsorptive state, as well as during alimentary hyper¬ 
glycemia, in healthy and in diabetic persons. Acceptance of such findings 
is tantamount to the assumption that muscle cells are capable of secreting 
glucose into the blood stream. This disregards the well established fact 
that muscle cells cannot yield free glucose for the simple reason that they 
do not contain any. This is so, first, because muscle cells are impermeable 
to free glucose that is transported in the extracellular fluids, and, second, 
because they possess no enzyme system capable of liberating glucose from 
the intracellular carbohydrates (glycogen, phosphate esters). Thus nega¬ 
tive A-V values can originate but from one of two sources: Either there are 
certain conditions under which muscle cells secrete into the blood some 

* This work was aided by the David May-Florence Q. May Fund. 
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reducing matter other than glucose, or else the analytical techniques em¬ 
ployed are unsatisfactory. , 

The potential value of information that might be derived from accurate 
A-V determinations prompted a series of studies in our laboratory. But 
before embarking on this work, we subjected the analytical procedure 
involved to close scrutiny until, after eliminating several sources of error 
our technique became accurate within 1 mg. of glucose per 100 cc. of blood. 
By this method we found only positive A-V values without a single excep¬ 
tion. We found, furthermore, certain revealing patterns in the changes of 
the A-V in response to the influence of hyperglycemia, of insulin action, and 
of other factors. These changes elude observation without the maximum 
accuracy of analytical technique that is now attainable. In the present 
paper we describe the effect of alimentary hyperglycemia on A-V in healthy 
persons. But before we present our findings, the analytical procedure 
involved will be discussed in some detail. This we deem necessary, for, 
without appreciation of the decisive importance of these details, the con¬ 
tradictions between our results and those of many earlier workers could not 
be properly evaluated. 


Analytical Procedure 

For glucose determinations we used the copper-iodometric technique 
described in 1945 (1). Zinc sulfate and barium hydroxide served for the 
deproteinization of blood in 1:10 dilution. The venous blood was collected 
in test-tubes containing uniform mixtures of potassium oxalate and sodium 
fluoride as anticoagulant. A solution containing 5 per cent of potassium 
oxalate and 2.5 per cent of sodium fluoride was kept on hand and 0.4 cc. 
portions of it were pipetted into test-tubes. The water was evaporated 
and the residue dried at 100-105°. The fluoride was included for the inhi¬ 
bition of glycolysis. This precaution may seem superfluous, considering 
the fact that the normal rate of glycolysis amounts to only 10 to 14 mg. per 
cent per hour in oxalated blood, and only a few minutes elapse before the 
freshly drawn blood is deproteinized. We found, however, that even a few 
minutes suffice for a measurable decrease of the glucose content of oxalated 
blood. The rate of glycolysis under the given conditions is far from uni¬ 
form, a high initial rate occurring in many instances. The phenomenon is 
rather unpredictable, as there are cases in which glycolysis is not detectable 
after 5 and even 10 minutes, whereas in others it may amount to as much 
as 5 mg. per cent in a few minutes. Fluoride obviates this source of error. 

The arterial glycemic level was determined in capillary blood. This sub¬ 
stitution was found to be satisfactory by Foster (2) and several other inves¬ 
tigators. We used 1 cc. portions of capillary blood for each sugar 
determination, deproteinized in 1:10 dilution, as in the analysis of venous 
blood. The blood was drawn from a finger-tip and collected in 50 cc. 
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beakers containing the anticoagulant used for venous blood. (About 0.2 
cc. of oxalate-fluoride solution was spread over the bottom of the beakers 
and the water was expelled by drying at 100-105°.) Collection of finger 
blood, enough for two glucose determinations in 1 cc. portions of blood, 
presents no difficulty if the hand is warmed by immersion in water of 45-50° 
for about 5 minutes before a finger is pricked with a Hagedom needle. That 
exposure of the hand to cold or warm baths does not affect the blood sugar 
was ascertained in our experiments as well as in studies of other workers 
(3). In the iodometric titrations the discrepancies in duplicate deter¬ 
minations seldom exceeded 0.02 cc. of 0.005 n thiosulfate, which in our 
method corresponds to 0.54 m£. per cent of blood sugar ; rarely did titration 
differences between duplicates reach 0.04 or 0.05 cc., which correspond to 
discrepancies of 1.0 to 1.4 mg. per cent in blood sugar values. Thus the 
differences between the mean and the individual values did not exceed 0.5 
to 0.7 mg. per cent. This fact is emphasized as the basis of our statement 
that the blood sugar values in our experiments are accurate within 1 mg. 
* per cent. Since the A-V determinations involve two sugar determinations, 
they are susceptible to two analytical errors. While these errors may cancel 
each other, they also may be additive. In the latter case the cumulative 
error in the A-V value may amount to as much as 1.0 to 1.5 mg. per cent. 
We feel justified, therefore, in accepting, rather conservatively, changes in 
A-V which are greater than 2 mg. per cent to represent actual changes. 

It is obvious that such a degree of accuracy is not attainable with micro¬ 
methods in which filtrates corresponding to less than 0.5 cc. of blood are 
used. Provided that the percentage error in the measurement of 0.1 cc. 
of blood is not greater than in the measurement of 1.0 cc. of blood, the dilu¬ 
tion factor alone suffices to limit the accuracy of the results of micrometh¬ 
ods. In our method, for example, the dilution factor increases possible 
errors to 5-fold of the figures stated above if the filtrate of 0.1 cc. (instead 
of 0.5 cc.) of blood is analyzed. In consequence, when a micromethod is 
employed and changes in A-V values are not greater than 8 to 10 mg. per 
cent, they cannot serve as a basis for valid conclusions. 

The error introduced by the dilution factor is inseparable from any 
micromethod, even in the hands of competent analysts. In the Hagedom- 
Jensen method, for instance, a titration difference of 0.02 cc. corresponds 
to 3.6 mg. per cent of blood sugar. But this is true only if the method is 
used with appropriate modifications, for in its original form, which was 
widely employed in A-V studies, it opens the door to gross and variable 
errors, as was demonstrated by Folin and Malmros (4) and by Steiner and 
Kramer (5). In a word, micromethods cannot be used for studies con¬ 
cerned with A-V, even if the methods are adequate and are employed by 
competent analysts. 

A few additional remarks may be in place concerning the substitution of 
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capillary for arterial blood sugar. As stated before, we accepted this sub¬ 
stitution on the basis of the unanimous opinion of previous workers. Yet 
for our own satisfaction it was desirable to examine again the older findings 
with the analytical technique just described. To this end we compared 
the glucose content of blood samples simultaneously drawn from the femoral 
artery and the finger-tip of a few hospitalized persons, performing duplicate 
analyses on 1 cc. portions of both arterial and capillary blood. Each sub¬ 
ject was fed 60 gm. of glucose before bleeding in order to produce substan¬ 
tial differences between the arterial and venous glycemic levels. This was 
done to facilitate the detection of any possible deviation of the capillary 
blood sugar from the arterial towards the venous blood. 

We carried out such analyses only on throe persons, because the agree¬ 
ment between the glycemic level in peripheral arterial and in capillary 


Table I 

Showing Identity of Glucose Concentrations in Peripheral Arterial and Capillary 

Blood 


Subject 

Femoral artery blood 

Finger-tip blood 

Time after ingestion 
of 50 mg. glucose 


mg. per cent 

mg. per cent 

min. 

R.B.,38yrs.,male 

Lost 

359.1 


359.4 1 
359.6 1 

- 359.5 

35 

T.H.,56 “ 

136.0] 
134.7 1 

| 134.8 

135.0 1 
135.0 ! 

> 135.0 

52 

W.C.,18 11 

92.3 1 
91.8 J 

| 92.0 

92.6 1 
91.8 J 

f 92.2 

55 


blood was so strikingly complete that it appeared superfluous to expand 
these experiments further. The identity of the glucose concentration in 
the femoral arterial blood and in the capillary blood is well demonstrated 
by the analytical data in Table I. (These figures also illustrate the degree 
of accuracy attainable in glucose determinations.) It may be noted that 
discrepancies in all three cases are less than 1 mg. per cent. Yet, in 
the other experiments reported in this paper we have not recorded fractions 
of a mg.; the glucose values, we felt, present the facts adequately enough 
with the decimal fractions rounded out to the nearest whole number. 

Although we invariably analyzed capillary instead of arterial blood, we 
have denoted the capillary glucose values as arterial blood sugar and speak 
of arteriovenous rather than of capillary-venous differences. This seeming 
inaccuracy of terminology should be tolerated for the following reasons: 
In the first place, this has been the general usage in all publications, includ¬ 
ing articles in this Journal, during the past 25 years, and we did not feel 
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justified in introducing a departure from this usage without compelling 
reasons. Secondly, there is no reason for the departure, since the actual 
identity of arterial and capillary blood sugar values precludes any misunder¬ 
standing or confusion. 

A-V Difference in Poatabaorptive State 

As a basis for further observations it is well to record here the A-V we 
found in healthy individuals ip the postabsorptive state (10 to 14 hours after 
the last meal). In Table II are presented our last 100 individual cases, 
grouped according to increasing values. It may be noted that the A-V 
is positive in every instance; i.e., the arterial blood sugar is always higher 
than the venous. This is in line with the well recognized fact that muscle 


Table II 

Arteriovenous Differences in 100 Healthy Individuals in Postabsorptive ( Fasting) State 
The values represent mg. per 100 ce. of blood. 


No. of cases 

A-V 

Postabsorptive glucose in 
arterial blood 

9 

1 

82-96 

11 

2 

79-97 

12 

3 

84-92 

21 

4 

78-93 

17 

5 

79-96 

13 

6 

87-96 

10 

7 

86-96 

1 

8 

90 

3 

9 

85-92 

3 

10-13 

88-94 


cells continually assimilate blood sugar, and hence the concentration of 
glucose inevitably decreases during the passage of blood through the tissues. 
But the A-V values are rather small, only from 1 to 7 mg. per cent in 93 of 
100 cases. Thus negative A-V values can easily result from relatively 
slight analytical errors (see the preceding section). 

The magnitude of the A-V is not an individual characteristic; it may vary 
within the normal limits from day to day in any healthy person. Nor is it 
related, as it may be noted in Table II, to the postabsorptive glycemic level. 

Effect of Alimentary Hyperglycemia 

Hyperglycemia produced either by oral or by parenteral administration 
of glucose always entails a substantial increase in the A-V, a manifestation 
of an increased rate of glucose assimilation in the muscle tissues. This 
change is generally attributed to increased insulin action, due to the aug- 
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mented secretory activity of the islands of Langerhans under the stimulating 
effect of hyperglycemia. The A-V values are without exception positive. 
The large negative values often encountered in the literature (6-8) are 
undoubtedly the results of . analytical errors. 

In Table III are presented some of the results accumulated in our labora¬ 
tory during the last 2 years. They are examples of observations on forty- 
four healthy individuals, in whom the changes in the sugar level in both the 
arterial and venous blood were followed for a period of 4 hours after the 

Table III 

Effect of Alimentary Hyperglycemia on Arteriovenous Difference 


The values represent mg. per 100 cc. of blood. 


Serial 
No. of 

Sex, age 

Arterial blood sugar, after ingestion 
of glucose 

A-V, after ingestion 
of glucose 

subject 


0 

hr. 

0.5 

hr. 

l 

hr. 

2 

hrs. 

3 

hrs. 

4 

hrs. 

0 

hr. 

0.5 

hr. 

l 

hr. 

2 

hrs. 

3 

hrs. 

4 

hrs. 

21 

F., 25 yrs. 

94 

133 

118 

103 

99 

99 

7 

37 

35 

28 

23 

23 

23 

“ 23 “ 

96 

146 

95 

118 

108 

99 

7 

37 

24 

29 

34 

17 

3 

“ 24 11 

88 

148 

115 

108 

94 

68 

4 

40 

25 

28 

13 

5 

22 

“ 22 “ 

92 

149 

122 

116 

122 

119 

4 

43 

23 

31 

21 

25 

32 

M., 33 “ 

88 

134 

149 

116 

106 

77 

1 

20 

20 

18 

13 

2 

2 

“ 27 “ 

83 

154 

148 

107 

80 

73 

2 

28 

49 

33 

16 

3 

27 

F., 30 “ 

97 

155 

138 

151 

126 

73 

2 

35 

33 

29 

35 

6 

17 

M., 41 “ 

88 

163 

142 

122 

118 

73 

4 

22 

23 

29 

16 

2 

19 

“ 29 “ 

84 

369 

153 

165 

142 

80 

3 

22 

30 

23 

20 

6 

18 

F., 40 “ 

90 

170 

126 

120 

80 

92 

1 

20 

18 

20 

i0 

12 

38 

M., 32 “ 

91 

170 

142 

123 

64 

70 

9 

52 

48 

31 

3 

1 1 

15 

“ 38 “ 

94 

173 

169 

100 

68 

79 

6 

23 

48 

30 

18 

2 

7 

F., 38 “ 

85 

! 160 

176 

! 146 

128 

115 

3 

37 

55 

34 

25 

22 

16 

M.,49 “ 

94 

( 181 

143 

105 

83 

57 

11 

48 

33 

11 

6 

4 

25 

“ 28 “ 

88 

185 

141 

111 

72 

69 

13 

53 

38 

12 

9 

7 

34 

F., 40 “ 

102 

176 

190 

145 

144 

62 

4 

27 

50 

33 

13 

1 


oral administration of 100 gm. of glucose under standardized conditions. 
Cases in which the hyperglycemic peak rose above 150 mg. per cent in the 
venous, or above 190 mg. per cent in the arterial blood, were excluded from 
the normal series, since these higher peaks were regarded as signs of abnor¬ 
mally diminished glucose tolerance. We also ruled out those in which the 
blood sugar continued to rise during the 2nd hour after the ingestion of 
glucose. 

To save space, the values for venous blood sugar were not included in 
Table III, since they can be readily obtained by deducting the A-V values 
from those for the arterial blood sugar. For the same reason, only about 
one-third of the cases is presented; this gives a satisfactory picture of our 
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findings. The experiments are arranged according to increasing peaks in 
the hyperglycemia for reasons which will be clear presently. 

A glance at Table III discloses great individual variations, a fact that is 
by no means surprising. The only pronounced uniformity, with only 
occasional discrepancies, consists of the prompt and steep increase in the 
A-V as soon as the blood sugar begins to rise, and a somewhat less consistent 
decline of the A-V as the hyperglycemia subsides. As a rule, a maximum 
A-V value is attained within 0.5 to 1 hour after the ingestion of the glucose. 



_J_ *5 A t ? 

Fia. 1. Composite glucose-time curves (tolerance curves) in arterial and venous 
blood of forty-four healthy persons during 4 hours after the ingestion of 100 gm. of 
glucose. 

But from this point on individual variations in the relation between the 
glycemic level and the A-V are evident, with one notable exception. That 
is, the A-V remains consistently higher than its initial (postabsorptive) 
value, and returns to the latter, or below it, only after the glycemic level 
has declined below its postabsorptive level. 

A general pattern of the responses to glucose feeding is presented in Figs. 
1 and 2, which represent the average values of the forty-four experiments 
of this series. In Fig. 1 it may be noted that statistically the hyperglycemic 
peak occurs 0.5 hour after the ingestion of glucose, both in the arterial and 
in the venous blood, and that the peak is followed by a continuous decline 
until the glycemic level drops below the postabsorptive level at the end of 
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the 4th hour. The average A-V (Fig. 2) follows a similar pattern, but its 
changes show a discernible lag compared with the changes of the blood 
sugar curves. This lag is manifest in a slight but discernible increase in the 
A-V during the second half hour period, when the blood sugar is already 
declining. A similar lag is noticeable in the declining phase of the curves; 
at the 4 hour period, when the blood sugar curves dip below the fasting 
level, the A-V is still slightly greater than the initial value. This chrono¬ 
logic lag is but an expression of the fact that the changes in A-V are the 
functions of the changes in the glycemic level. 



Fio. 2. Composite curve representing the changes in arteriovenous difference in 
forty-four healthy persons during 4 hours after the ingestion of 100 gm. of glucose. 

That alimentary hyperglycemia entails increased A-V values is a well 
recognized fact. Our experiments now show that this quantitative relation¬ 
ship is more intimate than it was considered previously. We found that 
the higher the peaks of the hyperglycemia, the greater is the maximum 
A-V. This relationship is discernible in Table III, but, owing to the natural 
constitutional differences between the subjects in these experiments, this 
relationship is not readily apparent. On closer scrutiny, htowever, it is 
noticeable that the highest A-V tends to occur in those cases in which the 
hyperglycemic peaks are highest (bottom group of Table III). That this is 
the general rule became clearer when we classified our forty-four cases into 
three groups: the first with hyperglycemic peaks ranging between 131 and 
150 mg. per cent, the second with peaks between 151 and 170, and the 
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third with peaks between 171 and 190 mg. per Cent. The respective aver¬ 
ages of the hyperglycemic peaks in the three groups then were correlated 
with the averages of the corresponding maximum A-V, as presented in 
Table IV. It may be seen that in the first two groups, in which the average 
hyperglycemic peaks are 141 and 163 mg. per cent, respectively, the maxi- 

Table IV 

Quantitative Relationship between Height of Hyperglycemic Peak in 
Arterial Blood and Magnitude of Arteriovenous Difference 
The values represent mg. per 100 cc. of blood. 


No. of cases 

Peak of hyperglycemia in arterial blood 

A-V maximum 

Range 

Average 

Range 

Average 

12 

131-160 

141 

20-60 

34 

24 

151-170 

163 

19-52 

35 

$ 

171-190 

182 

31-68 

48 


Table V 

Higher Hyperglycemic Peaks Entail Higher Arteriovenous 
Differences in Same Individual 
The numbers in bold-faced type indicate peaks. 


Glucose ingested 

Time after ingestion 
of glucose 

Glucose 

A-V 

Arterial blood 

Venous blood 

gm. 

min. 

mg. per 100 cc. 

mg. per 100 cc. 

mg, per cent 

10 

0 

84 

79 

5 


10 

101 

93 

8 


20 

120 

109 

11 


30 

121 

111 

10 


46 

109 

98 

11 

26 

0 

82 

79 

3 


10 

113 

103 

10 


20 

146 

127 

19 


30 

159 

129 

30 


45 

153 

126 

27 


mum A-V values are much the same, in seeming contradiction to our con¬ 
tention. In the third group, however, with an average peak of 182 mg. per 
cent, the maximum A-V steeply rises from 35 mg. per cent to 48 mg. per 
cent. 

In this survey the material was not sufficiently extensive to suppress the 
influence of individual variations. We eliminated this factor by producing 
different degrees of alimentary hyperglycemia in one and the same indi- 
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vidual. In one group of subjects this was attained by the oral feeding of 
variable amounts of glucose. Two examples of such experiments are pre¬ 
sented in Tables V and VI. Table V shows that after ingestion of 10 gm. 
of glucose, when the hyperglycemic peak was 120 mg. per cent, the maxi¬ 
mum A-V was 11, whereas, when the ingestion of 25 gm. of glucose increased 
the hyperglycemic peak to 159 mg. per cent, the maximum difference was 
almost trebled; i.e. } it rose to 30 mg. per cent. The other example, given in 
Table VI, shows a similar quantitative relationship at three different hyper¬ 
glycemic levels. The slight hyperglycemia of 111 mg. per cent, elicited by 
the ingestion of 5 gm. of glucose, produced the barely discernible increase 

Table VI 

Consistent Increase of Maximum Arteriovenous Difference with 
Increasing Hyperglycemic Peaks in Same Individual 


The numbers in bold-faced type indicate peaks. 


Glucose ingested 

Time after ingestion 
of glucose 

Glucose 

A-V 



Arterial blood 

Venous blood 


gm. 

min. 

mg. per 100 ci. 

mg. per 100 cc. 

mg. per cent 

5 

0 

91 

91 

1 


15 

111 

110 

1 


30 

102 

100 

2 


45 

94 

90 

4 

25 

0 

88 

84 

4 


15 

122 

110 

12 


30 

171 

155 

16 


45 | 

168 

151 

17 

100 

0 i 

87 ! 

85 

2 


30 I 

182 ! 

150 

32 


45 ; 

195 ! 

157 

38 


of 3 mg. per cent. After the ingestion of 25 gm. of glucose the hypergly¬ 
cemic peak was 171, and after 100 gm. of glucose it was 195 mg. per cent; 
the corresponding maximum A-V values were 17 and 38 mg. per cent, 
respectively. 

Since the hyperglycemic perfk cannot be raised beyond a certain maxi¬ 
mum level by oral feeding of glucose (the maximum being produced by the 
ingestion of from 25 to 50 gm. of glucose), we resorted to the intravenous 
administration of glucose in order to see whether or not abnormally 
increased hyperglycemia elicits an abnormally high A-V. In one experi¬ 
ment, the results of which are presented in Table VII, a healthy person was 
fed at one time 100 gm. of glucose by mouth, and on another occasion 50 
gm. of glucose were given by mouth and at the same time 100 gm. of glucose 





M. SOMOGYI 


199 


(in 10 per cent solution) were injected intravenously at a constant rate in 
the course of 2 hours. As may be seen, after oral administration the hyper¬ 
glycemic peak was 166 mg. per cent, while by additional intravenous admin¬ 
istration an abnormally high peak of 286 mg. per cent was produced. The 
corresponding maximum A-V values were 36 and 86 mg. per cent, respec¬ 
tively. These observations demonstrate unequivocally the fact that in 
healthy individuals the A-V increases with increasing levels of alimentary 
hyperglycemia. 


Table VII 

Exaggerated Hyperglycemic Levels Entail Exaggerated 
Arteriovenous Differences in Healthy Person 


The numbers in bold-faced type indicate peaks. 


Time after 

Glucose 


administration 


A-V 

of glucose i 

Arterial blood 1 Venous blood 



Apr. 19, 1946, after ingestion of 100 gm. glucose 


hfs. 

mg. per 100 cc. 

mg. per 100 cc. 

mg. per cent 

0 

95 

89 

6 

0.5 

136 

105 

31 

1 

166 

130 

36 

2 

1 151 

134 

17 

3 

145 

126 

19 

i 


May 7, 1946, after ingestion of 50 gm. glucose and simultaneous 
intravenous infusion of 100 gm. at rate of 50 gm. per hr. 


0 

90 

88 


2 

0.5 

250 

193 


67 

1 

286 

201 


85 

2 

277 

217 


60 

3 

105 

87 

■ 

18 


Rdle of Extrahepaiic Tissues in Homeostasis of Glycerine Level 

This phenomenon reveals the important r61e of the extrahepatic (mainly 
muscle) tissues in the control mechanism which regulates the blood sugar, 
with the tendency to balance its concentration as near as possible at the 
constant postabsorptive level. The part of the liver in the performance of 
this task has been w r ell known since Claude Bernard. Lately it was demon¬ 
strated in well controlled experiments (9) that the higher the hyperglycemic 
level, the greater is the rate of glucose assimilation in the liver. In other 
words, increase in the glucose concentration of the blood entails an increase 
in the amount of glucose which the liver removes from the blood. This is 
a potent factor in the control of the glycemic level. This fact has occa- 
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monally been emphasized in such a manner as to convey the impression that 
the liver is the only important factor in the homeostasis of the glycemic 
level (10). The response in the extrahepatic tissues to increasing blood 
sugar concentrations, as shown in the preceding section, is the same as in 
the liver. This makes it understandable that during alimentary hyper¬ 
glycemia the muscles remove even more glucose from the blood than the 
liver does (11), and thus their function in the homeostasis of the glycemic 
level is by no means less significant than that of the liver. 

SUMMARY 

Determinations of the differences between glucose concentrations in 
arterial (capillary) and venous blood (A-V difference) of healthy persons 
in the postabsorptive state and during alimentary hyperglycemia are 
presented. 

The glycemic level is always higher in the arterial than in the venous 
blood; this holds true in the postabsorptive state as well as during alimen¬ 
tary hyperglycemia. Reversal of this relationship was not encountered; 
i.e., the difference, arterial blood sugar minus venous blood sugar, is always 
a positive quantity. The average value in the postabsorptive state is 4.8 
mg. per cent. The average of the maximum A-V, statistically occurring 
1 hour after feeding 100 gm. of glucose, was 33.5 mg. per cent; the highest 
value was 58 mg. per cent. 

The increase of the A-V is a function of the hyperglycemic level; i.e., the 
higher the hyperglycemic peak, the greater becomes the A-V. 

The importance of the adequacy of the analytical technique in studies of 
A-V is emphasized. 
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THE DETERMINATION OF DIKETO-J-GULONIC ACID, DEHY- 
DRO-Z-ASCORBIC ACID, AND Z-ASCORBIC ACID IN 
THE SAME TISSUE EXTRACT BY THE 2,4-DINI- 
TROPHENYLHYDRAZINE METHOD* 

Bt JOSEPH H. ROE, MARY B. MILLS, M. JANE OESTERLING, 
and CHARLOTTE M. DAMRON 

C From the Department of Biochemistry, School of Medicine, 

George Washington University, Washington) 
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By the Roe and Kuether (1) method for the determination of vitamin C 
dehydro-Z-ascorbic (DHA) and diketo-Z-gulonic acid (DKA) are not differ¬ 
entiated. The basic principle of this method, however, is adaptable to the 
determination of Z-ascorbic acid (AsA), DHA, and DKA in the presence of 
each other. It is the purpose of this paper to report methods for such 
determinations. 

The first problem to overcome in this work was the extraction of the 
three compounds from tissues. This must be done by techniques that will 
not permit the oxidation of AsA to DHA and will keep at a minimum the 
change of DHA into DKA. Roe and Oesterling (2) prevented the oxidation 
of AsA in plant tissues by extracting with a metaphosphoric acid solution 
containing 1 per cent of thiourea. However, in animal tissues thiourea will 
not adequately prevent the oxidation of AsA during extraction because of 
the powerful oxidant effect of oxyhemoglobin. The problem was solved by 
adding SnCl* in 10 per cent concentration to the HPOa solution; SnCl* 
effectively reduces the oxyhemoglobin of animal tissues. Furthermore 
SnClj is a more convenient reagent, since it can be removed later in the 
procedure. 

The procedure developed consists of grinding the tissue under 10 per cent 
solution of stannous chloride in 5 per cent HPO», after which enough 5 per 
cent metaphosphoric acid solution is added to make the SnCU concentration 
0.5 per cent. 

' From data on melting points, nitrogen content, and chromatographic 
adsorption Penney and Zilva (3) came to the conclusion that the 2,4-dini- 
trophenylhydrazine derivatives of AsA, DHA, and DKA are the same com¬ 
pound. Absorption curves of the derivatives of DHA and DKA, prepared 
by ourselves, also indicate that these derivatives are identical substances. 
Penney and Zilva (3) have postulated that 2,4-dinitrophenylhydrazine 
couples only with DKA and, therefore, DHA gives rise to a derivative in 

* Supported by a grant from the Nutrition Foundation, Inc. 
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the presence of this reagent only after conversion to DKA. Our studies 
support this hypothesis of Penney and Zilva. 

To determine DKA in the presence of AsA and DHA through the 2,4- 
dinitrophenylhydrazine derivative one might make use of the more rapid 
rate of coupling of DKA with 2,4-dinitrophenylhydrazine, as Penney and 
Zilva did (3), or one might reduce the DHA with II 2 S and then couple the 
unchanged DKA with 2,4-dinitrophenylhydrazine. The H 2 S procedure 
is the classical method for differentiating between the two compounds and 
for analytical work it was found by us to be more sensitive, adaptable, and 
reliable. 

V^Analysis of metaphosphoric acid-stannous chloride filtrates of tissues 
containing AsA, DHA, and DKA by the 2,4-dinitrophenylhydrazine pro¬ 
cedure gives a composite value which includes DHA and DKA (called 
Determination 2). Appropriate treatment of this filtrate with H 2 S reduces 
the DHA and leaves the DKA almost completely unchanged. Analysis 
of this filtrate by the dinitrophenylhydrazine method gives the DKA con¬ 
tent (Determination 1). Subtracting this result from the value of Deter¬ 
mination 2 gives the DITA. Bromine oxidation of the H 2 S filtrate, after 
removal of H 2 S, yields a solution containing all of the vitamin C in the 
oxidized forms. Analysis of this solution by the dinitrophenylhydrazine 
method gives a composite value including AsA, DHA, and DKA (Deter¬ 
mination 3). Subtracting the value for Determination 2 from that for 
Determination 3 gives the AsA content of the original extract. 

s/ Factors Affecting Coupling Rate —Since initially DKA solution produces 
more derivative with 2,4-dinitrophenylhydrazine that does DHA solution, 
it was necessary to set up conditions that will permit the coupling to go 
practically to completion. We use a strongly acid reaction mixture to pro¬ 
mote coupling, as the rate of change of DHA into DKA is accelerated by 
the hydrogen ion. In our reaction mixture the coupling of DHA with 
2,4-dinitrophenylhydrazine in 1 hour at 37° is 70 per cent of that of a molar 
equivalent of DKA with the same reagent. As is indicated in Fig. 1, the 
curves showing coupling of DHA and DKA are very close at the 5 hour 
period and practically superimposed upon each other at 14 hours. 

However, AsA will show slight coupling at 37° in a prolonged incubation 
period. Since error begins to occur from coupling with ascorbic acid after 
8 hours of incubation, a 6 hour incubation period was adopted as most 
satisfactory for our procedure. The coupling of DHA is 95 per cent of that 
of DKA during this time, and this error is constant and can be corrected 
for in accurate work. 

The rate of coupling is influenced by the concentration of the reducing 
agent present in the reaction mixture (4). Since in Determination 1 the 
SnCk is removed by H*S treatment, it is necessary to add another reducing 
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agent to prevent reoxidation of AsA and to provide the correct medium for 
coupling with 2,4-dinitrophenylhydrazine. For this purpose we use thio¬ 
urea in a concentration of 1 per cent, which was found to yield essentially 
the same coupling curve as 0.5 per cent SnCl 2 . 

^ Conditions for Complete Reduction of Dehydroascorbic Acid—Most workers 
have utilized a pH of 3.5 when reducing DHA with H 2 S. This is an opti¬ 
mum condition if DHA is the only oxidation product present. In an 
attempt to establish what conditions blocked the reduction of DHA in the 
presence of HjS and SnCl 2 we worked at various acidities from pH 0.4 to 
7.0. pH readings were taken after removal-of the SnS by filtration. The 
curves given in Fig. 2 show that reduction with HjS for 15 minutes results 



Fic. 1. Coupling rates of DIIA and DKA. Standardized DHA and DKA solu¬ 
tions, containing 1 per cent thiourea, were incubated with 2,4-dinitrophenylhydrazinc 
at 37°. 

in complete regeneration of AsA at pH ranges from 4.7 to 1.2. Below pH 
1.2, the reduction is sharply diminished. Reduction of DHA was practi¬ 
cally complete in 5 minutes at pH 3.5, but required 15 minutes at pH 1.2 
to 2.0. It is suggested that the slower reduction of DHA at low pH values 
is due to a decreasing H^S concentration with increasing acidity, although 
at very low pH values the failure may be due in part to a conversion of 
DHA to DKA (Fig. 3). Other reducing reagents were tried, inclu din g 
SnCl 2 and Na*S, but none proved as satisfactory as H 2 S. 

Conditions for Protection of DKA —In the presence of HjS, DKA is slowly 
converted into an unknown product (5). This change is not a reduction to 
AsA, since subsequent reoxidation does not restore the original value. 

In studying this conversion we first determined the amount of DKA 
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remaining in a solution after exposure to H 2 S for different lengths of time, 
at several pH values, as shown in Fig. 4. It can be seen that DKA is slowly 



Fig. 2. Reduction of DHA at various pH values. Fresh DHA solution was pi¬ 
petted into buffers of 5 per cent HPOb adjusted with concentrated HC1 or solid 
NasCOi. The solutions were reduced immediately with H*S for 5 or 15 minutes; pH 
values were taken after reduction. 



P H OF BUFFER 

Fig. 3. Conversion of DHA to DKA at various pH values. Fresh DHA solution 
was pipetted into buffer solutions J hour before analysis. The pH was adjusted to 
1.25 before reduction. 

diminished as a direct function of time. The change is also seen to occur 
with greater rapidity at increasing pH values. Protection at pH 1.3 was 
approximately 97 per cent with 15 minutes exposure to HjS. 
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This leaves a fairly restricted pH at which to work for complete reduction 
of DHA and satisfactory protection of DKA. We found the range of pH 
1.25 to 1.30 to be safest, and since this is the pH of fresh 5 per cent HPOi, 
the latter concentration of acid was adopted for use. 

Analytical Procedure 

^Extraction —Tissue is throughly ground in a mortar under 1 volume of 
10 per cent solution of SnCl 2 in 5 per cent HPOj. 19 volumes of 5 per cent 
HPOi solution are added. (Do not use a Waring blendor or homogenising 
apparatus that would introduce increased amounts of oxygen into the 
slurry.) The slurry is thoroughly mixed and filtered. A solution with a 



Fio. 4. Per cent DKA not recoverable by the 2,4-dinitrophenylhydrazine method 
after HjS treatment. Solutions in 5 per cent HPOi were adjusted to different pH 
values with solid Na>CO, or concentrated HC1 and exposed to H,S at 25° for varying 
periods up to 3 hours. 

dilution of 1 part of tissue in 100 parts of extract is desirable and in dilutions 
greater than this a concentration of 1 to 10 7 per cc. of total AsA, DHA, 
and DKA is recommended. It is necessary to work rapidly to prevent 
changes in partition of the three compounds. A conversion of DHA to 
DKA of 5.7 per cent in a solution containing 0.5 per cent SnCls-5 per cent 
HPOj was observed in 1 hour at room temperature. 

Determination of DKA —Place 100 cc. of the original SnCI*-HPO» filtrate 
in a large test-tube. Introduce a gas filter tube with a sintered glass filter 
about 20 mm. in diameter and pass H»S through for 15 minutes. To 40 cc. 
of the H*S-saturated extract add 0.4 gm. of powdered thiourea, shake until 
the latter is dissolved, and filter. Into the filtrate bubble COi for 5 minutes. 
Pipette 4 cc. aliquots of this solution into each of three photoelectric colon- 
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meter tubes. Add 1 cc. of 2 per cent 2 , 4 -dinitrophenylhydrazine in 9 N 
H*SO* to two of these tubes and hold one tube as a blank. Place the three 
tubes in a water bath at 37° for 6 hours. From here on the analysis is the 
anmft as that described by Roe and Kuether ( 1 ). The value obtained here 
te the DKA content. 

' Composite Determination of DHA and DKA; for DHA Content—A cc. 
aliquots of the original SnCh-HPO* filtrate are pipetted into each of three 
colorimeter tubes. 1 cc. of 2 per cent 2,4-dinitrophenylhydrazine in 9 N 
HjSCh is pipetted into two of the tubes, the third tube being held as a blank. 
The three tubes are placed in a water bath at 37° for 6 hours. The analysis 
from here on is identical with that described by Roe and Kuether (1). 
From the value obtained here subtract the DKA valued determined above 
to get the DMA content. 

y Composite Determination of A sA, DHA , and DKA; for As A Content —The 
remainder of the H 2 S-saturated solution is filtered to remove SnS (thiourea 
is not added) into a test-tube suitable for bubbling gas. Air is drawn 
through this solution until the H 2 S is removed. The air should be drawn 
through a water trap before passing through the H 2 S solution to minimize 
volume changes. Sufficient bromine is added to color the solution. Excess 
bromine is removed by bubbling air through the solution as above. Pow¬ 
dered thiourea in quantities sufficient to make a 1 per cent solution is added. 

4 cc. aliquots of this solution are pipetted into each of three colorimeter 
tubes. 1 cc. of 2 per cent 2,4-dinitrophenylhydrazine in 9 n H 2 SO 4 is added 
to each of two tubes and the third tube is held as a control. The three 
tubes are placed in a water bath at 37° for 6 hours. From here on proceed 
as described by Roe and Kuether ( 1 ). The result obtained here is a com¬ 
posite value including AsA, DHA, and DKA. From this value subtract 
the composite value for DHA and DKA obtained above. This gives the 
AsA content. 

■>/ Preparation of .Calibration Curves —Since in the above procedures the 
rate of coupling is influenced by the acid solution used and the antioxidant 
present, it is important in preparing a calibration curve to use the same 
concentration of HPO 3 and thiourea or SnCl 2 as is used in the procedure 
followed for the unknown. We use a calibration curve made with standard 
dehydroascorbic acid solution prepared by bromine oxidation of ascorbic 
acid as directed by Roe and Oesterling ( 2 ). The stand ar ds are made up in 

5 per cent HPO» solution containing 1 per cent of thiourea. The tubes are 
incubated for 6 hours at 37°. The curve obtained with 1 per cent thiourea 
is practically the same as that obtained with 0.5 per cent SnCl s . Therefore, 
calculations of DHA, DKA, and AsA are all made with the same standard 
curve. 
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Recovery Studies 

The method outlined above was tested on solutions of known concentra¬ 
tion. Recoveries are shown in Table I. The AsA solution was prepared by 
dissolving crystalline ascorbic acid 1 in 5 per cent HPOs. The DHA solution 
was prepared by dissolving the crystalline ascorbic acid in distilled water, 
oxidizing with bromine, and removing the excess oxidant by bubbling air 


Table I 

Recovery of Ascorbic, Dehydroascorbic, and Dikelogulonic Acids from Solutions 
of Known Concentrations 




AsA 

DHA 

DKA 



y per 4 cc 

y per 4 cc . 

7 per 4 cc. 

Pure solutions 

Amount present 

30.7 

0.0 

0.0 


Found by method 

36.4 

0.2 

0.0 


Amount present 

0.0 

35.5 

0.0 


Found by method 

0.0 

35.2 

0.4 


Amount present 

0.0 

0.0 

61.2 


Found by method 

0.0 

0.2 

60.6 


Amount present 

14.5 

0.0 

19.4 


Found by method 

14.0 

0.2 

19.3 


Amount present 

0.0 

18.7 

21.0 


Found by method 

0.0 

18.8 

20.7 

Additions to blood 

Amount present 

35.2 

0.0 

0.0 


Found by method 

35.1 

0.1 

0.0 


Amount present 

0.0 

29.5 

0.0 


Found by method 

0.0 

27.6 

0.5 


Amount present 

0.0 

0.7 

24.2 


Found by method 

0.0 

0.6 

24.5 

Additions to spinach 

Amount present 

33.4 

1.4 

0.0 


Found by method 

33.5 

1.0 

i 

0.2 

Homogenization with 

Amount present 

40.0 

0.0 1 

0.0 

Waring blendor 

Found by method 

29.0 

10.0 

0.9 


through the solution for 5 minutes. The DKA solution was made from 
calcium diketogulonate prepared by a modification of the Penney and Zilva 
method (6). Additions of AsA, DHA, and DKA were made to blood 
because the latter presents the most critical test of the method owing to its 
high oxyhemoglobin content. A loss of about 4 per cent of dehydroascorbic 
acid added to blood is shown in Table I, Which seems unavoidable even with 
the use of such protective reagents as SnClj, HjS r and thiourea. The re¬ 
coveries obtained with blood, however, are good in view of the fact that the 

: Kindly supplied to us by Merck and Company, Inc. 
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amounts added were 100 times in excess of the amount normally present. 
Recoveries of the three forms of the vitamin added to other animal tissues 
were entirely satisfactory. 

This method hasl>een successfully applied to analyses of ascorbic acid 
and its oxidation products in fresh plant and animal tissues and in processed 
foods. The results will be reported later. 

SUMMARY 

A method is presented for the determination of diketo-Z-gulonic acid, 
dehydro-Z-ascorbic acid, and Z-ascorbic acid, each in the presence of the 
others, by means of the 2,4-dinitrophenylhydrazine method. 
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DISTRIBUTION STUDIES 
X. ATTAINMENT OF EQUILIBRIUM 

By GUY T. BARRY,* YOSHIO SATO,t and LYMAN C. CRAIG “ 
(From the Laboratories of The Rockefeller Institute for Medical Research , New York ) 

(Received for publication, January 19, 1948) 

One of the requisites for the application of the counter-current distribu¬ 
tion procedure to any solute or mixture of solutes is the establishment of 
complete equilibrium between the two phases at each step. This is neces¬ 
sary if the partition ratio is to be used for the calculation of a theoretical 
curve (1) and in most cases is advisable also in order to achieve the best 
separation possible with a mixture of solutes. Thus far in our work equi¬ 
librium has been established by inversion of the barrel of the distribution 
apparatus, then righting it again, 50 times before the phases were allowed 
to separate. The rate of inversion was so adjusted that good dispersion 
was maintained. That essential equilibrium had been established was 
made certain by the good agreement between experimental and calculated 
curves (1). With the possible exception of one instance, no case has yet 
been found where 50 inversions have not given essential equilibrium. 

However, the possibilities inherent in the use of higher numbers of trans¬ 
fers are being explored and for this purpose any reduction in the time re¬ 
quired at each step becomes of increased importance. Moreover, with 
unstable solutes such as the penicillins the time of the distribution should 
be reduced as much as possible in order to minimize the percentage of trans¬ 
formation. A simple quantitative method of studying the rate at which 
equilibrium is established has therefore been devised which simulates the 
equilibration conditions of the distribution apparatus as nearly as possible. 

In this procedure the equilibration vessel was a glass-stoppered Pyrex 
tube with approximately the inside dimensions of one of the tubes of the 
distribution apparatus; i.e., 7.5 inches in length and 0.5 inches in diameter. 
An arbitrary weight of the solute was dissolved in one of-the phases and 
placed in the tube. The other phase was carefully stratified above or below 
the one previously inserted in the tube so as to avoid mixing. The tube 
was then attached to the barrel of the distribution apparatus and an arbi¬ 
trary number of standard inversions was applied. The two phases usually 
separated in about 30 seconds. The amount of solute in each phase was 
then determined by some suitable analytical method and the ratio of the 

* Fellow of the National Institute of Health, Washington, D. C. 
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concentrations was recorded. The procedure was repeated successively 
with varying numbers of inversions. The logarithms of the ratios so ob¬ 
tained were plotted as ordinates against the number of standard inversions 
as abscissa as in Fig. 1. A second curve was then determined in the same 
manner, except that the solute in this case was initially dissolved in the 
other phase. 

An example of such a study is given with benzylpenicillin in the system 
ethyl ether-3 m phosphate buffer at pH 4.60 (System 2 (2)). For each 



No. of invwBio<n* 

Fig. 1 .. liato of establishment of equilibrium. Curves 1 and 2 ] benzylpenicillin 
in ethyl ether-3 \f phosphate buffer at pH 4.60; Curves 3 and 4, p-hydroxybenzyl- 
penicillin in ethyl ether-3 m phosphate buffer at pH 4.9; Curves 5 and 6, benzylpeni¬ 
cillin in ethyl ether-2 m phosphate buffer at pH 4.86. 

determined point of Fig. 1 approximately 10 mg. of the sodium salt were 
used. The concentrations were derived spectroscopically at a wave-length 
of 260 m im with the Beckmann quartz spectrophotometer. The equilibra¬ 
tions were made in the cold room at 5-6° with 8 cc. of each of the phases. 
Obviously the point at which Curves 1 and 2 merge will give the number of 
inversions required for essential equilibrium. 

Although the data given in Fig. 1 were sufficient to permit selection of 
the optimum operating conditions with the distribution apparatus for the 
particular case, it appeared that the investigation in itself was deserving of 
further study. It was soon found that the values obtained could be repro- 
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duced readily in different tubes with similar dimensions. The amount erf 
solute taken initially within certain limits was not critical. It proved 
unnecessary to attach the glass tube to the distribution apparatus in order 
to reproduce the result. Beyond these conditions almost any other change 
had its effect. 

The number of inversions required for the pair of curves to merge was 
found to depend strongly on the relative volumes of the phases, on the value 
of the partition ratio, on the temperature, on the particular solute involved, 
and on the type of system used,. Thus, the result obtained with p-hydroxy- 



Fig. 2. Rate of establishment of equilibrium. Benzylpenicillin in isopropyl 
ether-3 M phosphate buffer at pH 4.9. Curves 1 and 2 at 5-6°, Curves 3 and 4 at 24°. 


benzylpenicillin in ethyl ether-3 m phosphate at pH 4.9 (System 3 (2)) is 
shown in Curves 3 and 4 of Fig. 1 and that with benzylpenicillin in ethyl 
ether-2 m phosphate at pH 4.86 (System 6 (2)) is given by Curves 5 and 6. 

In Fig. 2 benzylpenicillin has been studied in isopropyl ether-3 m phos¬ 
phate at pH 4.9, 13 and 7 cc. respectively. The inversions were made at 
5-6° for Curves 1 and 2 and at 24° for Curves 3 and 4. As might be ex¬ 
pected, increasing the temperature increased the rate at which equilibration 
was established. 

The problem of the rate of interchange of a solute between two immiscible 
liquids in intimate contact is one of considerable interest, particularly for 
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the industrial chemist and physiologist. Accordingly, a considerable litera¬ 
ture exists on this subject (3,4) in which definite resistance to the immediate 
establishment of equilibrium has quite generally been noted. The experi¬ 
mental observations appear to be interpreted best in terms of the “two film” 
theory. A discussion of this rather involved theory would appear scarcely 
warranted in the present connection. However, the results we have ob¬ 
tained all would appear to be in line with such a theory. 

As would be expected from the theory, gentle stirring of the two layers 
in the tube by slow tilting or inversion, so that the phases were not dispersed 
into tiny droplets, has given a very poor rate of interchange. On the other 
hand, a quick inversion followed by a slight pause before the next inversion 
would appear to offer the optimum conditions for interchange, since the 
droplets begin to coalesce during the pause only to be broken up again at 
the next inversion. This could, on the basis of the “two film” theory, well 
reduce the resistance to interchange of the solute at an interface to a 
minimum. 

In connection with such a view-point, it might be interesting to speculate 
on the effect an emulsifying agent might have on the rate of interchange of 
solute, since here, although the droplet is very small, its surface could be 
stabilized, have greater viscosity, and would be more like a solid. It is 
conceivable that such a condition might not give good interchange of solute. 
Although we do not have quantitative data on this point, we have fre¬ 
quently noted that an experimentally determined partition ratio was diffi¬ 
cult to duplicate when the phases emulsified during equilibration so that 
centrifugation was required to cause separation. 

Not only was benzylpenicillin found to reach equilibrium at different 
rates in different systems but in some systems it was also found to approach 
equilibrium at different rates, depending on whether it passed from one 
phase or from the other. An interesting example of such a case was that 
represented by Curves 1 and 2 of Fig. 1. The net rate of “escape” of the 
solute from the buffer phase is slower than that from the ether phase. The 
reverse might have been expected, since at equilibrium the solute existed 
in the ether phase in 5-fold the concentration of that in the buffer phase. 

In connection with this latter point Curves 3 and 4 in Fig. 1 are interest¬ 
ing. With this solute, p-hydroxybenzylpenicillin, the concentration in the 
buffer phase was 2.8-fold that in the ether phase at equilibrium. Yet 
Curves 3 and 4 are similar and show approximately equal rates of escape of 
the solute from either phase. 

Of considerable interest to the method of counter-current distribution, 
particularly when applied to the investigation of unknown mixtures, might 
be the result obtained for the case of intentional operation of the apparatus 
at disequilibrium. This could be studied easily for benzylpenicillin in the 
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system used for Curves 1 and 2 of Fig. 1 by using something less than twenty 
inversions for the equilibrations during the distribution. Accordingly, a 
distribution was made in the standard manner with only eight inversions 
at each step. The result of this distribution is shown in Curve 1, Fig. 3. 
Had the distribution been made at complete equilibrium, the calculated 
distribution shown by Curve 2 would have been obtained. 

These two curves suggest an interesting possibility in connection with the 
theoretical separation of a binary mixture. Two solutes might have iden- 



INo. of tube 

Fig. 3. Effect of disequilibrium on counter-current distribution curves. Curve 1, 
disequilibrium; Curve 2, calculated. 

tical or nearly identical partition ratios in a particular system, yet could 
differ in the rate at which they would approach equilibrium from the two 
phases. If one behaved as shown by Curve 1 and the other behaved as 
Qurve 2, then a partial separation could be achieved. When the partition 
ratios are not far apart, an improved separation could theoretically be 
obtained. This type of reasoning is of interest in connection with con¬ 
tinuous fractionation columns where true equilibrium is never established 
at any point in the column. 

A distribution was also made with benzylpenicillin at slight disequilib- 
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rium in the system used for the determination of Curves 1 and 2 of Fig. 2. 
100 transfers were applied with twenty-five inversions at each stage. The 
result is shown in Curve 1, Fig. 4. The calculated curve is Curve 2. 
Apparently the salt concentration of this buffer was slightly higher, which 
accounts for the band being somewhat shifted to the right. As might be 
expected from Curves 1 and 2 of Fig. 2, the experimental curve is wider than 
the calculated one, although symmetrical in shape. The deviation in the 
region of Tubes 60 to 75 was due to the presence of a small percentage of 
penicillin of the A 2 -pentenyl and n-amyl type. That the widening of the 
main band was not due to a mixture of substances was established by redis¬ 
tributing (70 transfers) the material of Tubes 33 to 43 and comparing the 



Fio. 4. Counter-current distribution curve run at slight disequilibrium, Curve 1 ; 
calculated, Curve 2. 

result with a similar redistribution of the material in Tubes 48 to 58. The 
two curves were of the same width. 

In a very interesting discussion of the theory of chromatography, Martin 
(5) has presented the theoretical result expected if instantaneous equilib¬ 
rium should be established at every point in a column. This would imply 
an infinite number of stages in the column and in this case the front and rear 
of the band would remain sharp during migration. On the other hand, 
when equilibrium is not established instantaneously, as in actual experi¬ 
mental results, the front and rear edges of the band tend to erode more 
rapidly and the experimental curve obtained assumes nearly the shape of 
the curve of error (assuming a linear partition isotherm). 

Our extraction experiments are partially analogous but differ in many 
respects. The experimental realization of a particular curve of error in a 
counter-current distribution is always possible with a linear partition iso- 
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therm (6) because the actual number of transfers applied is known, each 
transfer is nearly perfect, the solute can be placed in a single tube initially, 
the relative volumes of the phases in contact at each stage are known, and 
actual equilibrium conditions can be reached at each transfer. Any one 
of these variables can be changed at will in order to produce a desired effect 
without introducing simultaneously an unknown variation in the others. 

In contrast to this, the realization of a normal curve in a packed column 
process such as in chromatography has a different basis. Among other 
reasons, it could be caused by such factors as disequilibrium or variation 
in the packing of the column. It would appear to be a much more complex 
phenomenon in which rates such as rate of flow, rate of interchange of solute, 
etc., must always be considered. 

The authors wish to express their thanks to Dr. Vincent du Vigneaud 
and Dr. Frederick H. Carpenter for their interest and helpful suggestions 
during the course of this work. 

SUMMARY 

A method is proposed for the study of the rate of interchange of solute 
between two immiscible liquids in contact. The method has been applied 
to different crystalline penicillins in several systems. Considerable varia¬ 
tion in the rate of interchange has been found. The implications of the 
study in connection with counter-current distribution have been discussed. 
The effect of operation of the counter-current distribution apparatus at 
disequilibrium has been studied. 
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XI. ISOLATION OF BENZYLPENICILLIN CONTAINING 
RADIOACTIVE SULFUR 

By YOSHIO SATO,* GUY T. BARRY, t and LYMAN C. CRAIG 
{From, the Laboratories of The Rockefeller Institute for Medical Research, New York) 

(Received for publication, January 19, 1948) 

In studies to be reported in Science by Dr. S. F. Howell and Dr. J. D. 
Thayer of the Venereal Disease Research Laboratory, Staten Island, New 
York, and Dr. L. H. Labaw of the National Institute of Health, the mold 
Penidllium notatum has been grown on a synthetic medium containing 
radioactive sulfur as sodium sulfate. For one experiment the culture was 
extracted by an organic solvent and the crude amorphous penicillin recov¬ 
ered by the usual lyophilization process. In another experiment adsorption 
was used in the recovery. The product in both cases contained radio¬ 
active sulfur. 

It was of interest to isolate the penicillin from the residues in crystalline 
form in order to determine whether the radioactive sulfur had indeed been 
incorporated into the penicillin molecule. Because of the relatively small 
size of the amorphous samples available the counter-current distribution 
method (1) appeared to be the method of choice. Accordingly, at Dr. 
Howell’s suggestion, we have undertaken the isolation of the crystalline 
penicillin. 

For the preliminary experiment a twenty-four transfer distribution was 
made at a temperature of 5° with 504 mg. of the lyophilized sample in the 
ether-buffer system (8 cc. of each layer) which had proved the most satis¬ 
factory for the isolation of benzylpenicillin (1). The buffer was approxi¬ 
mately 2 m phosphate at pH 4.88. 

The sample was dissolved in the buffer phase, but when shaken with the 
ether phase a rather stable emulsion developed. 1 cc. of cold 8 m phos¬ 
phoric acid was therefore added and, after shaking, the ether layer was 
withdrawn and used for the upper phase in Tube 0 of the distribution. No 
further difficulty with emulsification was experienced. After the distribu¬ 
tion was finished, the contents of each tube were acidified with 1 cc. of 8 
m phosphoric acid and shaken in order to transfer the penicillin into the 
ethereal layer. A 1 cc. aliquot of the ether of every alternate tube was 
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then evaporated to dryness under reduced pressure and weighed. The 
results are shown graphically in Fig. 1, Curve 1. 

The curve shows a slight elevation in the region of Tubes 8 to 14, with 
the apparent maximum at Tube 10. A much greater elevation occurred 
at the right-hand side of the graph with the maximum at Tube 23. The 
smaller peak occurred in the region, which would indicate benzylpenicillin 
or perhaps A 2 -pentenylpenicillin, while the much larger peak would indicate 
the w-heptylpenicillin type. 

However, a study in the Venereal Disease Research Laboratory of the 
antibiotic activity of the different tubes restricted almost all of the activity 



Fig. 1. Distribution of extract of penicillin culture. O, weight; A, biological 
activity. 

to the region of the smaller peak where the benzylpenicillin type would 
occur (1). Curve 2 of Fig. 1 gives the activity per cc. of the solid material 
contained in each of the tubes. The distribution had accomplished a con¬ 
siderable concentration of the active material, since Tubes 6 to 14 com¬ 
prised only 9 per cent of the weight of the initial sample. 

The material in Tube 9 crystallized readily as the triethylamine salt (1) 
and yielded 3.7 mg. of crystals. Further, upon testing the radioactivity 
of the crystalline material in the laboratories of the National Institute of 
Health it was found to have approximately 4 times the radioactivity of the 
amorphous starting material. 

Subsequently a larger sample (1.513 gm.) of the amorphous penicillin 
was fractionated by a slight variation of the first experiment. The same 
system was used, but instead of equal volumes of the two phases, 12 cc. of 
ether in each of the upper phases were employed. A total of forty-nine 
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Fig. 2. Large scale isolation of penicillin G (benzyl) containing radioactive sulfur 
atom. •, weight; O, calculated curve. 



Fig. 3. Distribution of amorphous material isolated by adsorption. O, weight; 
A, biological activity. 

transfers was applied by means of the technique of alternate withdrawal 
(1). Fig* 2 again shows the result graphically. The majority of the inac- 
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tive material had been withdrawn from the apparatus before the end of the 
distribution and its weight does not appear on this graph. The curve 
refers only to the material remaining in the distribution apparatus at the 
end of the distribution. A calculated curve (2) is superimposed. From 
this curve it can be derived (1) that a small percentage of penicillins other 
than benzylpenicillin and perhaps inactive material is present in the right- 
hand side of the band. 

For isolation various tubes were combined. From Fig. 2 it can be pre¬ 
dicted that Tubes 20 to 28 inclusive are most likely the purest with respect 
to benzylpenicillin. These were accordingly combined and precipitated 
with excess triethylamine. Upon recrystallization, 68 mg. of the colorless 
salt were collected which melted at 140-154° (hot stage melting point). 

CsHmC^SN,. Calculated, C 60.65, H 7.64; found, C 60.70, H 7.78 

Tubes 27 to 29 gave 27 mg. of crystalline material which melted at 131— 
139°. 

Found, C 60.12, H 7.59 

Tubes 30 to 33 gave 28 mg. of crystalline material with a slight yellow 
color, which melted at 119-125°. This material probably contained an 
appreciable amount of the A 2 -pentenylpenieillin and n-amylpenicillin types. 

A similar study was made of amorphous crude penicillin isolated from 
the culture media with the aid of adsorption on charcoal. A distribution 
made exactly as in the first experiment described above is shown in Fig. 3, 
Curve 1. Determination of the antibiotic activity gave the result shown 
also in Curve 2. The pattern is very similar to Fig. 1, except that several 
times the amount of active penicillin were indicated. 

Again assuming Tubes 7 to 11 to be the most pure with respect to benzyl¬ 
penicillin, the triethylamine salt was prepared. 50 mg. of colorless crystal¬ 
line benzylpenicillin salt was obtained which melted at 140-150°. 

Found, C 60.54, H 7.68 

The analysis reported here were made by Mr. D. Rigakos. 

SUMMARY 

The amorphous crude penicillin obtained by extraction of a culture of the 
mold Penicillium notatum grown in medium containing radioactive sulfur 
as sodium sulfate has been studied by the counter-current distribution proc¬ 
ess. Crystalline benzylpenicillin containing radioactive sulfur was readily 
isolated. Quantitative calculations could be made from the data. 
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(From the Laboratories of The Rockefeller Institute for Medical Research , New York ) 

(Received for publication, January 19, 1948) 

Our preliminary experience with the application of the method of counter¬ 
current distribution to the estimation of the various penicillin species pres¬ 
ent in a given preparation of the drug has previously been reported (1). 
Although the results were sufficient to be of considerable use, there was need 
for further study and improvement. 

At the time the work was begun most of the penicillin preparations avail¬ 
able on the market were amorphous and no claim was made for chemical 
purity. However, with the rapid advance of the technology of the pro¬ 
duction of penicillin, crystalline preparations became readily available. 
Unfortunately, crystallinity in itself does not guarantee purity and a method 
of determining the purity of such preparations was needed. Although the 
determination of the purity of a given preparation is fundamentally part of 
the problem of separation and identification, greater experimental precision 
and a wider experience with the particular type of compound in question 
are generally required. The present paper will report our further experi¬ 
ence along this line. 

Of primary importance in the application of the method of counter- 
current distribution to the problem of the purity of any preparation is the 
demonstration that a suitable system can be found in which the compound 
of interest will be partitioned ideally or nearly so over a practical concen¬ 
tration range. The value of the partition ratio should come within the 
optimum range, i.e. near 1. Such a system must furnish an environment 
in which the compound is stable, at least for a period of several hours time. 
The system must separate into its two layers readily and should offer con¬ 
ditions for precise analytical determination of the compound at the end of 
the distribution. Whether or not these conditions can be met can only be 
fully answered by the achievement of a distribution curve (2,3) which is in 
agreement within the experimental error with the theoretical distribution 
calculated by means of the binomial expansion. 

This latter had not been accomplished at the time of our previous publi- 
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cation (1) although the type of deviation from the Bernoulli distribution 
observed earlier strongly indicated that it was due to impurities present in 
the crystalline preparations at hand. Very shortly thereafter, essentially 
perfect experimental distributions were obtained on a crystalline prepara¬ 
tion of benzylpenicillin which was kindly supplied to us by the Commercial 
Solvents Corporation. This demonstrated beyond doubt that the dis¬ 
crepancies encountered earlier were due to impurities. In Fig. 1 is an 
example of a satisfactory twenty-four transfer distribution with a 500 mg. 
sample of crystalline benzylpenicillin. 1 The procedure and the system 
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Fig. 1. Twenty-five transfer distribution of benzylpenicillin 

diethyl ether-2 m phosphate at pH 4.86 described previously (1) were used 
for the distribution. Such a distribution was also obtained by redistribu¬ 
tion of certain selected fractions from the preliminary distribution of a 
slightly impure sample. 

Although the penicillins are known to be labile compounds, especially in 
aqueous solution, no transformation of the penicillin during the distribution 
at 5-6° was indicated by the results shown in Fig. 1. However, for distri¬ 
butions requiring greater time it would be desirable to study the stability 
of penicillins under the conditions of the distribution. Since many of the 
transformations undergone by penicillin are accompanied by changes in the 

1 This distribution was made with the assistance of Dr. George H. Hogeboom. 
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ultraviolet absorption spectra, this property was used to measure trans¬ 
formation rather than the more fundamental but less precisely determinable 
property of biological activity. 

For the purpose a sample of benzylpenicillin of known extinction at 
wave-lengths 260 and 320 m/» was equilibrated at the temperature of the 
cold room (5-6°) with equal volumes of the two phases. The extinction 
values in the ether layer were then measured. The following day the 
extinction values were rechecked without equilibration. When System 3, 
Table I, was used, an appreciable change had not occurred. The two phases 
were then equilibrated and the extinctions remeasured. A small increase 
at 260 m/« was recorded but much more was shown at 320 mju. Again the 


Table I 
Systems Studied 


'stem 

No. 

Organic solvent 

Phosphate buffer 

K of benzyl- 
penicillin 
(G) 

Kol At. 
pentenyl- 
penicillin 
(F) 

Ratio. 0 

1 

Ethyl acetate 

1 M, pH 5.12 

1.24 

1.05 

1.18 

2 

“ ether 

3 “ 

ft 

4.60 

5.20 

8.9 

1.71 

3 

<< ft 

3“ 

u 

4.93 

2.54 

4.00 

1.57 

4 

Chloroform 

2“ 

u 

4.85 

1.32 

0.93 

1.42 

5 

Furan 

3 44 

ft 

4.93 

0.34 

0.50 

1.47 

6 

Ethyl ether 

2 “ 

u 

4.85 

0.75 

1.18 

1.57 

7 

1:1 ethyl and isopropyl 

3 41 

tt 

4.93 

0.96 

1.72 

1.80 


ethers 







8 

Isopropyl ether 

3 44 

tt 

4.93 

0.34 

0.68 

1.97 

9 

tt n 

3 44 

tt 

4.93 

0.26* 

0.61* 

2.3 


* Determined at 26°. 


solutions were allowed to stand until the next day and measurements made. 
A further shift was obtained but only after equilibration. Further pro¬ 
gressive shifts occurred on succeeding days. 

From these experiments it was apparent that a slow transformation of 
the penicillin was occurring in the buffer phase but apparently not in the 
ether phase. The free acid has been shown elsewhere (4) to be relatively 
stable in certain organic solvents. Other experiments in this laboratory 
have also supported this view. 

A shift of extinction coefficient gives no quantitative estimation of the 
true amount of transformation occurring unless the extinction coefficient 
of the transformation product is known. The extinction coefficients of the 
transformation products could be extremely high and the value measured 
might thus represent only a small fraction of the original sample in termfe 
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of weight. Fortunately, this appears to be the case for betlflylpenicillin, 
since the total recovery in terms of weight in the main band of Fig. 1 was 
within the experimental error, i.e. a few per cent. Loss of biological activ¬ 
ity could not be detected during such a distribution. 

In distributions requiring an extended time, transformation might be 
expected to reach a percentage large enough to be detected by the curve. 
A 99 transfer run which required approximately 3-fold the time did show 
significant amounts of transformation products or perhaps of impurity. 



No. of tube 

Fig. 2. 99 transfer distributions. □, benzylpenicillin alone; O, benzylpeni- 
cillin ■+■ A a -pentenylpenicillin; • , calculated curve. 

Such a distribution is shown in Curve A, Fig. 2. The calculated curve is 
Curve C. The system was slightly different from that used for Fig. 1 in 
that 3 m buffer at pH 4.6 was used. 99 transfers were applied by the single 
withdrawal procedure (5). This was done by withdrawing the contents of 
Tube 24/0 when upper 0 has reached lower 24, and replacing it with fresh 
phase. After the next equilibration Tube 24/1 was withdrawn; on the 
next step Tube 24/2 was withdrawn, etc. The tubes withdrawn were from 
the slow moving side of the operation, up to Tube 74, Fig. 2, since in this 
system the penicillin greatly favors the ether phase. The small percentage 
of material in Tubes 93 to 99 had a much higher extinction coefficient and 
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probably represented a transformation product, although it could con¬ 
ceivably represent impurity. 

Studies made at 25° showed a much greater rate of transformation, both 
in the case of individual equilibrations and for actual distributions. Thus 
the penicillins probably cannot ever be regarded as being completely stable 
substances when they are in contact with aqueous solutions. The rate of 
transformation during a distribution cannot be entirely eliminated but can 
be reduced until it becomes insignificant from the standpoint of the calcula¬ 
tions. This was accomplished in the distribution of Fig. 1. It should be 
made clear that when transformation does oqcur it can be recognized, as 



Fig. 3. Twenty-five transfer distribution of A’-pentenylpenicillin. 
_ mental; •, calculated. 


O, expert 


has been shown (1). Redistribution of the material in the tubes which do 
not show divergence should give a curve with no divergence from the calcu¬ 
lated. This has been done with a sample of benzylpenicillin. 

Other penicillin species show a different rate of transformation from 
benzylpenicillin. The best distribution pattern we have obtained thus far 
for A*-pentenylpenicillin is shown in Fig. 3. The system and procedure 
were the same as those employed in Fig. 1. The weight of material shown 
in Tubes 0 to 6 and in Tubes 20 to 24 must be due either to impurity or to 
transformation. The recovery represented by the main band, Tubes 7 to 
19, is the equivalent of 90 per cent. 

Distributions made at room temperature have not thus far permitted as 
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high recoveries as those made in the cold room. A representative distribu¬ 
tion made on a mixture at 24° is excellent for comparison. This distribu¬ 
tion, Fig. 4, was made in a 54 tube distribution apparatus in the system 
isopropyl ether-3 m phosphate, pH 4.93 (System 9, Table I). 71 mg. of 
sodium benzylpenicillin and 60 mg. of sodium A 2 -pentenylpenicillin were 
taken initially. Each tube of the machine contained 9.7 cc. of the phos¬ 
phate phase and 17 cc. of the isopropyl ether phase. The recovery of 
benzylpenicillin calculated from the theoretical curve (No. 1) was 92 per 
cent, while that of A 2 -pentenylpenicillin (Curve 2) was 82 per cent. It 
would appear likely that the divergences from the theoretical were mostly 



No. of tube 

Fig. 4. 71 transfer distribution of a mixture of benzylpenicillin and A*-pentenyl- 
penicillin. O, weight; □, extinction at 260 mu ; •, calculated. 

due to transformation and that the A 2 -pentenyl species is a less stable peni¬ 
cillin. The recoveries calculated from Figs. 1 and 3 were 98 and 90 per 
cent respectively (5-6°). 

There has been opportunity to redistribute samples of crystalline peni¬ 
cillins after they had been stored as the sodium salts in the cold room for a 
period of a year. No evidence of transformation was obtained, except with 
one sample of so called n-heptylpenicillin. This gave a different distribu¬ 
tion pattern and was obviously undergoing progressive change. However, 
the original pattern had already indicated it to be a mixture. A second 
sample of so called n-heptylpenicillin did not show such a change. 

Since the penicillins are inherently unstable substances, it is of interest 
to shorten the time required for distribution to a minimum. This could 
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be done by determining the minimum shaking time required in order to 
reach equilibrium and by transferring the phases immediately after their 
separation. The latter is now made possible by the new models of the 
distribution apparatus which are currently in operation.* The top and 
bottom ends of each tube of these machines are constructed from plate glass. 
The contents of each tube become visible when the layers have separated 
and this frequently shortens the total time of equilibrium, since no extra 
time need be allowed in order to insure the separation of the layers. The 3 
minutes settling time formerly allowed empirically for each equilibration 
may be reduced to 1 minute or less. 

The actual number of inversions required for equilibrium to be reached 
has been made the subject of a careful study. It has proved to be of suffi¬ 
cient interest to the distribution method and to extraction itself to justify 
a separate contribution (6) on the subject. Obviously complete equilibrium 
must be reached at each stage if an experimental curve is to agree with a 
calculated curve. 

The problem of emulsification has been an annoying difficulty in the 
application of the distribution method to the penicillins since the very 
beginning. The penicillins are apparently surface-active and are capable 
of forming stable emulsions. In distribution work stable emulsions are to 
be avoided, since too great a time is required at each stage for the separation 
of the layers. Aside from this objection complete equilibrium is reached 
at each stage only with difficulty. When a transfer is made before the 
layers have separated completely, the relative volumes in each of the tubes 
become disturbed and, while fractionation is still possible, it is not as effi¬ 
cient as otherwise and calculated curves cannot be fitted properly. 

A completely satisfactory method of overcoming the formation of trouble¬ 
some emulsions has not as yet been found. However, certain changes have 
greatly reduced the tendency and it is possible that the addition of small 
amounts of surface-active agents of another type might help. In general, 
concentrated phosphate buffers of pH near 5.0 have not heen troublesome, 
except in certain cases with isopropyl ether when a higher concentration 
of penicillin was employed. Buffers tried with higher pH could not be used 
because of the tendency to emulsify. Ethyl ether has given systems which 
separated the most rapidly. In some cases in which trouble was encoun¬ 
tered it was overcome by increasing the volume of the upper phase. On 
the other hand, when an attempt was made to use a volume of the lower 
phase greater than that of the upper, emulsification usually occurred. In 
certain cases the agent which caused the emulsion was not the penicillin 
and could be eliminated by a single preliminary extraction. For this pur- 

* Post, 0., and Cr&ig, L. C., to be published. 
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pose, a solution of the penicillin in the lower phase was acidified with phos¬ 
phoric acid and extracted by the upper phase to be used in Tube 0 of the 
distribution. 

Because of the emulsification difficulty most distributions were begun in 
individual glass tubes which could be placed in the centrifuge if necessary. 
Several transfers were made individually in these tubes, thereby greatly 
reducing the amount of penicillin in any given tube. When a separation 
time of 3 minutes was reached, the contents of each tube were then trans¬ 
ferred to the corresponding tube Of the machine (after shifting the upper 
part of the machine the required number of transfers). The remainder of 
the distribution was then accomplished in the usual manner. 

The achievement of a perfect curve in a particular system for any given 
sample of a compound is unequivocal evidence for the absence of any other 
chemical individual, at least above a certain limiting percentage, except for 
the case of a chemical individual with an identical or very similar partition 
ratio. It can be calculated from suitable hypothetical curves that agree¬ 
ment between the experimental and calculated values, such as that of Fig. 
1, is sufficient to eliminate anything above a few per cent which has a parti¬ 
tion ratio greater than 1.4 or less than 1/1.4 times the ratio of that of the 
penicillin of interest. In order to detect such a possible impurity or at least 
to reduce greatly the probability that it is present, two approaches are at 
hand. 

One involves the application of higher numbers of transfers and the other 
involves the discovery of an entirely different and more selective system for 
the distribution. The first simply reduces the limits of the partition ratio 
which an impurity might have and yet escape detection. On the other 
hand, the effect of the second approach cannot be predicted so precisely 
but will be a matter of experience. The use of both approaches in conjunc¬ 
tion with each other is particularly important, as the following results will 
show. 

The effect of higher numbers of transfers can be appreciated best by a 
consideration of hypothetical mixtures. Fig. 5 shows the effect to be ex¬ 
pected with twenty-four transfers and equal volumes of the phases from a 
mixture of 90 per cent Compound A, K—l, and 10 per cent Compound B, 
fC=1.4. The sum of Curves A + B gives Curve C. 

If this mixture had been encountered as an unknown, Curve C would have 
been determined as a weight curve. An aliquot should have been so 
selected for the determination of weight that the weight of residue in the 
maximum tube would be at least 100-fold that of the error in weighing. 
Then a theoretical curve (2) would have been fitted, in this case Curve D. 

Although the divergence of Curve C from Curve D appears slight at first 
glance, it is appreciable. At Tube 17 the determined weight is 2.6 mg., 
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while the theoretical is 1.9 mg., a difference of 0.6 mg. The error in weigh¬ 
ing could be ±0.1 mg. Thus the divergence would be 6-fold the experi¬ 
mental error. Such a divergence would also be supported by the divergence 
at Tubes 16 and 18. 

If this same mixture is subjected to 100 transfers, a much clearer picture 
is obtained, as shown in Fig. 6. Here the two bands are far enough sepa¬ 
rated so that nearly half the curve of Compound A on the left side is essenti- 



No. of tube 

Fig. 5. Hypothetical twenty-five transfer distribution of a mixture of Compounds 
A and B; Curve C « sum of Curves A and B; Curve D - calculated curve matched 
with Curve C. 

ally pure and it is therefore available for the fitting of a theoretical curve. 
The theoretical curve now coincides with Curve A and the difference be¬ 
tween this curve and the one which would be experimentally determined, 
Curve C, would give Curve B. It is plain that for these partition ratios, 
1 per cent of Compound B in Compound A could be detected. 

It is now instructive to consider a mixture of substances whose partition 
ratios are closer together. Such a mixture could be one containing 90 per 
cent of Compound A with the partition ratio of 1 and 10 per cent of Com¬ 
pound B with the partition ratio of 1.2. Twenty-four transfers obviously 
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would not be sufficient to show the presence of the mixture if weights only 
were used for the determination of the curve. However, 100 transfers on 
the hypothetical mixture of Compounds A and B would give the picture 
shown in Fig. 7. Curve D is the theoretical curve. 

Of the known penicillin species, A s -pentenylpenicillin is the one which 
shows a partition ratio most closely related to benzylpenicillin. Therefore 
a study of the partition ratios for these two species in a number of systems 
should be very informative in showing the effect of c hang in g the system. 



36 38 40 42 44 -46 4B 50 52 54 56 58 60 62 64 66 68 ’ 
No. of tube 


Fio. 6. Hypothetical 100 transfer distribution of a mixture of Compounds A and 
B; Curve C «■ sum of Curves A and B. 

The partition ratios given in Table I were mostly calculated (2) from actual 
distributions but also were in agreement with individual determinations. 

Except in one case the temperature was 5° ± 1°. A convenient numer¬ 
ical measure of the ease of separation of the two penici llins or of detecting 
one in the presence of the other is the ratio of the partition ratios shown in 
the last column and called /3 by previous workers (7) using extraction for 
fractionation purposes. 

Synthetic mixtures of benzylpenicillin and A*-pentenylpenicillin have 
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been studied in several of the systems given in Table I. These included 
Systems 3, 6, 7, and 9. The result obtained with System 2 is given by 
Curve B in Fig. 2 and that with System 9 is shown in Fig. 4. 

The interesting conclusion to be drawn from Table I is that the jS values 
are in each case shifted by the change in the system. This shift is not of 
large magnitude, in accord with the experience of others (7, 8) for closely 
related substances. Irrespective of this, the practical problem of purity 


s 8 


36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 
Not of tube 

Fig. 7. Hypothetical 100 transfer distribution of a mixture of Compounds A and 
B; Curve C * sum of Curves A and B; Curve D ** calculated curve matched with 
Curve C. 

of the penicillin group of compounds now resolves itself into the application 
of a sufficient number of transfers together with adequate analytical pre¬ 
cision so that the limiting 0 value which would permit a mixture to escape 
detection is small as compared to the 0 values shown in Table I. 

It can be deduced from Fig. 5 that a few per cent of an impurity with a 
jS value of 1.4 would escape detection with twenty-four transfers if the ana¬ 
lytical method included weight only. Similarly, the limiting value for 
100 transfers (Fig. 6) would be 1.2. However, a large amount of impurity 
could be detected at ft values of 1.2 and 1.1 respectively. In applying such 
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reasoning to the precise interpretation of the distributions obtained with 
penicillins it must not be forgotten that the penicillins are basically unstable 
and that small deviations might possibly be due to decomposition, particu¬ 
larly in the case of the longer runs. 

In the case of Figs. 5 and 7 the sensitivity of the method is decreased 
because of the inability to place the theoretical curve correctly when weight 
only is used to determine the actual experimental curve. However, if a 
method of analysis specific for Compound A only in contrast to Compound 
B or vice versa, such as biological assay, infra-red absorption, etc., is at 
hand, the procedure then becomes much more sensitive and here again 
would permit limiting 0 values of 1.2 and 1.1 for twenty-four and 100 
transfers respectively and yet permit detection of a few per cent of the one 
constituent. 

It would appear likely that isopropyl ether-buffer is the best system for 
studying the purity of benzylpenicillin and of A 2 -pentenylpenicillin as far 


Table II 

Composition of Buffers 


Buffer 

NaHiPOiHiO 

KtHPOi 

LiOH 


gm. 

gm. 

gm. 

1m, pH 5.12 

124 

17.4 


2“ “ 4.85 

248 

34.8 


3“ " 4.60 

372 

52.2 


3“ " 4.93 

372 

52.2 

7.2 


as 0 values are concerned. However, isopropyl ether has the disadvantage 
that benzylpenicillin is of limited solubility at 5° and the system can there¬ 
fore be overloaded easily. Difficulty will be encountered if more than 5 
or 6 mg. of benzylpenicillin per cc. of isopropyl ether are employed at the 
start of the distribution. Fortunately a method is at hand for partially 
overcoming this difficulty. The solute can be placed in several adjoining 
tubes at the start instead of only one, and thus more material can be distrib¬ 
uted without overloading either the solvent or the buffer. 

This technical point has not been treated as yet in our published work 
but will be discussed in full in a forthcoming paper. However, it might 
be stated here that for higher numbers of transfers the distribution could 
be begun by scattering the solute equally among several adjoining tubes. 
If the number of tubes does not exceed more than 5 per cent of the number 
of transfers applied, then the broadening effect on the final curve is small. 
Thus for 100 transfers, the solute could be placed in up to five of the tubes 
initially without appreciable loss of efficiency. Distributions involving 
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higher numbers of transfers should always be made with proportionately 
more of the solute. 

The buffers used in this investigation had the composition in gm. per 
liter given in Table II. 

The authors wish to express their thanks to Dr. Vincent du Vigneaud 
and Dr. Frederick H. Carpenter for their interest and helpful suggestions 
during the course of this work. 


SUMMARY 

In connection with purity investigations of penicillins a study has been 
made of the procedure and conditions required in order to obtain experi¬ 
mentally a “calculated” distribution by the counter-current distribution 
technique. This has involved a study of the stability of the various peni¬ 
cillins in many different systems. The limitations of the method in con¬ 
nection with the effect of higher numbers of transfers and the effect of more 
selective systems have been investigated. 
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SOME PROPERTIES OF AN UNIDENTIFIED GROWTH 
FACTOR IN DISTILLERS’ DRIED SOLUBLES* 


By A. F. NOVAKf and S. M. HAUGE 

{From the Department of Agricultural Chemistry, Purdue University 
Agricultural Experiment Station, Lafayette) 

(Received for publication, February 16, 1948) 

Previous investigations (l5 have shown the presence of an unidentified 
growth factor in distillers’ dried solubles which is essential for the chick. 
The factor was shown to be distinct from the known members of vitamin B 
complex, strepogenin, and the cow manure factor. The object of this in¬ 
vestigation was to ascertain whether this factor is essential for the growth 
of rats and to determine properties which might aid in its isolation and in 
its differentiation from other postulated growth factors. 

KXPERIMENTAL 

In preliminary experiments designed to formulate rations which would be 
satisfactory for measuring unidentified growth factors with rats, it was 
found that neither casein extracted with ethanol nor commercial “vitamin- 
free” casein was satisfactory as a source of protein because of the presence 
of these factors. 

Casein was purified in the following manner: Ethanol-extracted caseiil 
was slowly dissolved in a large quantity of water by the addition of 0.1 n 
sodium hydroxide to pH 7.2 with constant agitation with a powerful motor 
stirrer. The casein was coagulated with hydrochloric acid at pH 4.6. The 
supernatant liquid was withdrawn and the precipitate washed by resuspen¬ 
sion in successive large quantities of water. This procedure was repeated 
several times. The purified casein was then dehydrated with methyl al¬ 
cohol and acetone, dried, and ground. 

A basal ration of the following composition was found satisfactory: puri¬ 
fied casein 18 per cent, dextrin 69.5 per cent, McCollum’s Salt Mixture No. 
185 (2) 4 per cent, Cellu flour 2 per cent, hydrogenated cottonseed oil 5 per 
cent, cod liver oil 1 per cent, sulfaguanidine or succinylsulfathiazole 0.5 per 
cent, and, for each 100 gm. of the basal ration, a vitamin supplement con¬ 
sisting of riboflavin 3 mg., thiamine 3 mg., inositol 20 mg., niacin 3 mg., 

* Journal Paper No. 338 of the Purdue University Agricultural Experiment 
Station. 

This investigation was supported in part by a grant from Joseph E. Seagram and 
SonB, Inc., Louisville, Kentucky. 

f Present address, Department of Chemistry, University of Florida, Gainesville, 
Florida. 
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pyridoxine 5 mg., choline 100 mg., biotin 0.01 mg., folic acid (Lederle) 0.01 
mg., calcium pantothenate 0.5 mg., p-aminobcnzoic acid 5 mg., and 2- 
methylnaphthoquinone 0.5 mg. To minimize the possible effect of bio¬ 
genesis by microorganisms, a sulfonamide was added to the basal ration. 
This basal ration was used in all of the following experiments except those 
reported in Table I, in which folic acid was not included because it was not 
available at that time. 

All additions to the basal ration were substituted for equivalent weights 


Table I 

Biological Tests for Unidentified Growth Factor in Distillers’ Dried 
Solubles and Extracts 


Series No. 

Additions to basal ration* 

Average gain per 
wk.f 

I 

None 

gm. 

19.1 


Distillers* dried solubles 

30.3 

II 

None 

18.9 


Extracts of solubles, autoclaved pH 12 

30.9 


« c< <i (< u y 

31.8 


tt tt a a a 2 

32.1 

III 

None 

18.4 


Distillers* dried solubles 

31.3 


Extracts of solubles, ether, Extraction 1 

26.2 


“ 41 44 acetone, 44 2 

18.3 


44 44 44 methanol, 44 3 

18.2 


44 44 44 ethanol, 44 4 

23.3 


residue 

24.2 


* Extracts added in amounts equivalent to S per cent of solubles, 
t Ten rats per lot. Least significant difference; 5 per cent level 2.4 gm., 1 per cent 
level 3.1 gm. 


of dextrin. Each biological test was performed with eight or ten rats 
equally divided according to sex. The test period was 3 weeks. 

The growth responses shown in Table I, Series I, indicate that the basal 
ration was sufficiently deficient in unidentified growth factors to test for 
these substances. The response with the addition of distillers’ dried solu¬ 
bles showed that this product contained an unidentified growth factor which 
stimulated growth above that obtained with a ration containing the 
identified vitamins of the B complex. 

Since the known members of vitamin B complex are soluble in water, 
attempts were made to extract this factor with water at widely different pH 
values and determine the stability under these various conditions. The 
distillers’ dried solubles were extracted in acid, alkaline, and neutral solu- 
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tions under 15 pounds steam pressure for 1 hour* The extracts were filtered 
and aliquots equivalent to 5 per cent of the solubles were added to the 
rations and tested (Table I, Series II). It is apparent that all of these 
extracts contained the unidentified factor and that this factor is heat-stable 
at widely different pH values. 

The possibility that this factor could be extracted with less extraneous 
matter by other solvents than water was investigated. Solubles were first 
extracted with ether in a Soxhlet extractor followed by subsequent extrac¬ 
tions with acetone, methanol,* and ethanol for 24 hour periods. The re¬ 
spective extracts were concentrated and equivalent amounts of each were 
assayed (Table I, Series III). The factor was partially extracted by ethyl 
ether. Acetone and methanol failed to remove any of the factor remaining 
in the residue, while ethanol removed part of it. Consequently, the direct 
extraction of the unidentified factor from solubles with organic solvents was 
abandoned. 

Some of the chemical and physical properties of this growth factor were 
studied (Table II). Solubles were extracted with 0.1 n hydrochloric acid 
under 15 pounds steam pressure for 30 minutes. The extract was filtered 
and concentrated, the pH adjusted to neutral, treated with kaolin to remove 
part of the organic impurities, and then passed through a column of fullers’ 
earth. The filtrate contained the active principle. The solution was 
treated with phosphotungstic acid in 2.5 per cent hydrochloric acid. A pre¬ 
cipitate was formed which was filtered off and dissolved in an alkaline solu¬ 
tion, and the phosphotungstic acid removed as the barium salt. The fil¬ 
trate (Fraction F-5) from the initial phosphotungstic acid precipitation 
failed to stimulate growth and was therefore discarded. Fraction F-4 pre¬ 
cipitated by the phosphotungstic acid contained the factor. 

A portion of this active fraction was adjusted to pH 7. A solution of 
basic lead acetate was added, and the mixture stirred vigorously for 10 min¬ 
utes. The resulting precipitate was collected and washed by centrifugation. 
The lead acetate precipitate was decomposed with ammonium sulfate. The 
solution was boiled for 20 minutes, cooled, and filtered. To remove any 
remaining traces of lead in the solutions, both solutions were treated with 
hydrogen sulfide, filtered, and concentrated. Assays of both solutions 
showed that the factor was precipitated by lead acetate (Fraction F-7), but 
could be only partially recovered (Fraction F-6). 

Aliquots of the fraction obtained from the phosphotungstic acid precipi¬ 
tation (Fraction F-4) were adjusted to various pH values and passed 
through Tswett columns made up of the following adsorbents Darco G-60, 
Florisil, Lloyd’s reagent, norit, Decalso, and fullers’ earth. The filtrates, 
in amounts equivalent to 10 per cent of the solubles, were assayed for the 
presence of the growth stimulant. 
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The active substance was not adsorbed on fullers’ earth and there was 
only a slight adsorption on Darco. However, the growth-stimulating mate¬ 
rial was adsorbed from acid solution on Florisil, Lloyd’s reagent, norit, and 
Decalso. 


Table II 

Some Chemical and Physical Properties of Unidentified Growth Factor 


ction No. 

Additions to basal ration* 

Average gain per wk.t 



gm. 


None 

19.0 

F-l 

Extract of solubles (0.1 n HC1) 

29.3 

F-2 

F-l, treated w r ith kaolin 

30.1 

F-3 

F-2, through column of fullers’ earth 

27.6 

F-4 

F-3, pptd. by phosphotungstic acid 

28.2 

F-5 

F-3, phosphotungstic acid filtrate 

20.5 

F-6 

F-4, pptd. by lead acetate 

23.7 

F-7 

F-4, lead acetate filtrate 

20.5 

F-8 

F-4, through column of 



Darco, pH 3 

25.6 


“ “ 5.5 

24.9 


“ “ 8.5 

25.8 


Florisil, pH 1.5 

23.8 


“ “ 5.5 

26.7 


“ “ 8.5 

28.1 


Lloyd’s reagent, pH 1 

21.5 


“ “ 44 5.5 

27.0 


j 44 44 44 8.5 

25.2 


i Norit A, pH 1 

20.2 


; 44 44 44 5.5 

19.3 


j 44 41 44 8.5 

24.6 


Decalso, 4 4 1 

22.7 


14 44 5.5 

26.2 


44 8.5 

27.3 

, 

i Fullers’ earth, pH 1 

26.0 


44 44 44 5.5 

28.2 


i 44 44 44 8.5 

27.0 

F-9 

i Dialysate of F-l 

24.5 


* Extracts of Fractions F-l and F-9 were added in amounts equivalent to 5 per cent 
solubles; other extracts were added in amounts equivalent to 10 per cent solubles. 

t Eight rats per lot. Least significant difference; 5 per cent level 1.8 gm., 1 per 
cent level 2.4 gm. 


DISCUSSION 

In a previous paper (1), it has been shown that distillers’ dried solubles 
contain an unidentified growth factor which is essential for chicks. It has 
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now been shown that this product contains a factor which is essential for the 
rat. They are probably identical. 

The factor is distinct from all the known vitamihs of the B complex which 
were added to the rations in amounts exceeding the nutritional require¬ 
ments. Since the vitamin supplement included synthetic folic acid (Led- 
erle), it is probably distinct from all the factors which recently have been 
shown to be related to or identical with folic acid (3). It is further differen¬ 
tiated from these factors by its stability to heat at widely different pH 
values, its non-adsorbability On fullers' earth, and its solubility in ether and 
ethanol (4-7). The solubility of this factor jn ether also distinguishes it 
from the cow manure factor which is insoluble in ether (8). It is unlikely 
that this factor is strepogenin because strepogenin is present in commercial 
casein (9) and in purified casein (10). The limited information regarding 
the properties of factor X of Cary etal. (11) makes it impossible to attempt 
a differentiation at this time. 


SUMMARY 

Evidence has been presented which shows that distillers' dried solubles 
contain a factor essential for the growth of the rat. This factor is stable to 
heat, acid, and alkali. It is soluble in ether, ethanol, and water at widely 
different pH values. It is precipitated by phosphotungstic acid and lead 
acetate. It is not adsorbed on fullers' earth or Darco, but is adsorbed from 
acid solution on Florisil, Lloyd's reagent, norit, and Decalso. 

The factor is distinct from vitamin A, vitamin D, thiamine, riboflavin, 
pantothenic acid, niacin, inositol, p-aminobenzoic acid, choline, 2-methyl- 
naphthoquinone, pyridoxine, biotin, and folic acid. Evidence has been 
presented which indicates that this factor is also distinct from a number of 
other postulated growth factors. 
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THE MICROBIAL GROWTH INHIBITION PRODUCED BY 
OPTICAL ISOMERS OF 0-2-THIENYLALANINE* 

By MARTHA F. FERGER and VINCENT d. VIGNEAUD 

(From the Department of Biochemistry , Cornell University Medical College , 

New York City) 

(Received for publication, February 2, 1948) 

It has already been shown that £-2-thienyl-DL-alanine inhibits the 
growth of Saccharomyces cerevisiae (1), Escherichia coli (2, 3), Streptococcus 
faecalis (3), and Lactobacillus arabinosus (3), and that the inhibition can in 
all cases be reversed by the addition of phenylalanine to the medium (1-3). 
In the present investigation the work has been extended to determine 
whether the “antiphenylalanine” effect of thienylalanine is possessed by 
both of its optical isomers. 

The isomers of thienylalanine were prepared by resolution of the brucine 
salt of the N-formylthienyl-DL-alanine. They were tested for their abil¬ 
ity to inhibit the growth of Saccharomyces cerevisiae and Escherichia coli . 
With both organisms it was observed that the d isomer possesses no ap¬ 
preciable inhibitory activity, while the l isomer has exactly double the in¬ 
hibitory power of thienyl-DL-alanine. 

Since the two organisms mentioned above do not require phenylalanine 
in the medium for growth, it seemed desirable to test the thienylalanine 
isomers against an organism which does require phenylalanine. For this 
purpose Lactobacillus delbrueckii LD5, which is able to use only L-phenyl- 
alanine for growth purposes (4), was selected. In the presence of an 
arbitrary amount of DL-phenylalanine thienyl-D-alanine had no activity, 
whereas thienyl-L-alanine and thienyl-DL-alanine showed inhibitory activ¬ 
ities in the ratio 2:1 on a weight basis. 1 

For each of the three organisms, the same amount of DL-phenylalanine 
was required to reverse the inhibition produced either by a given amount 
of thienyl-L-alanine or by twice as much of the dl compound. 

* The authors wish to express their appreciation to the Lederle Laboratories Di¬ 
vision, American Cyanamid Company, for a research grant that has aided greatly in 
this work. 

1 It is interesting to note that D-ethionine inhibits the growth of a strain of Lac¬ 
tobacillus fermentum which is able to use either d- or L-methionine for growth pur¬ 
poses. Approximately three times as much D-ethionine as DL-ethionine is required to 
produce the same amount of inhibition (unpublished data). 
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EXPERIMENTAL 

N•Formylthienyl-Dij-alanine —Thienyl-DL-alanine was formylated by the 
method of Clarke, as described by du Vigneaud and Meyer (5). The 
product was obtained in 95 per cent yield, m.p. 173-176°. 2 

0«H»N0:iS. Calculated. N 7.03, S 16.09 

199.2 Found. “ 6.69, “ 16.15 

Resolution of FormyUhienyl-x>h-alanine —The formylthienyl-DL-alanine 
was resolved by means of the brucine salt according to the method used by 
Fischer and Sehoeller (6) for formyl-DL-phenylalanine. 20 gm. of formyl- 
thienyl-DL-alanine and 41 gm. of dry brucine tvere dissolved in 240 cc. of 
boiling anhydrous methanol. The salt of the d isomer precipitated when 
the solution was cooled, and this material was recrystallized from 20 vol¬ 
umes of boiling methanol. The product, m.p. 127-129*, was obtained in 
an over-all yield of about 70 per cent. It had a rotation of [a] l l - —38.7* 
(0.2 per cent solution in water). 

The original methanol filtrate was concentrated to dryness and the resi¬ 
due was recrystallized from 120 cc. of water. The yield of the salt of the 
l isomer, m.p. 121-122°, was 74 per cent; [«]„ = -57.8° (1.1 per cent solu¬ 
tion in pyridine). 

The brucine salts were converted to formylthienyl-D- and formyl- 
thienyl-L-alanine in yields of 80 per cent or more. The products were 
recrystallized from water. 

The formylthienyl-D-alanine melted at 174-175° and had a rotation of 
[a]* 1 = — 7R.7° (1 per cent solution in ethanol). 

C«H»NOjS. Calculated. N 7.03, S 16.09 

199.2 Found. “ 6.82, “ 16.52 

The l isomer had a melting point identical with that of the d isomer, and 
the rotation of a 1 per cent solution in ethanol was +77.7°. 

Calculated, N 7.03, S 16.09; found, N 6.67, S 16.26 

Thienyl- d- and -l- alanine —The isomeric amino acids were obtained in 80 
to 90 per cent yield by hydrolysis of the formyl derivatives with 1 n HBr, 
as described by du Vigneaud and Meyer (5). For analysis the products 
were recrystallized from ethanol-water. The thienyl-D-alanine decom¬ 
posed at 239-244° (8° per minute) and possessed a rotation of [a]* 1 = 
+31.6° (1 per cent solution in water). 

CjHiNOjS. Calculated. N 8.18, S 18.73 

171.2 Found. “ 8.42, “ 19.08 

* All melting points were determined on a calibrated micro melting point ap¬ 
paratus. 
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The l isomer had a decomposition point of 239-244° (8° per minute) 
and a rotation of [a]? = —31.7° (1 per cent solution in water). 

Calculated, N 8.18, 8 18.73; found, N 8.29, 8 18.94 

The thienylalanine isomers, as designated above, were obtained by a 
series of steps corresponding exactly to those by which the known isomers 
of phenylalanine have been separated, and they had physical properties 
corresponding closely to those of the phenylalanine isomers. However, it 
was thought desirable to obtain additional evidence for the assignment of 
spatial configuration. Lutz and Jirgensons have demonstrated that for 
amino acids of the l configuration the optical rotation changes in a positive 
direction with increasing acid concentration (7). The rotations of 1 per 
cent aqueous solutions of the thienyl-L-alanine containing 0.5, 1, 2, and 5 

Table I 


* Effect of Thienylalanine Isomers on Growth of Saccharomyces cerevisiae 


Thieny 1-DL-alani ne 
per 7 cc. 

Colorimeter 

reading* 

Thienyl-L-alanine 
per 7 cc. 

Colorimeter 

reading 

Thienyl-D-alanine 
per 7 cc. 

Colorimeter 

reading 

7 


7 


7 


100 

7 

50 

5 

800 

88 

60 

11 

30 

8 

500 

89 

40 

! 19 

20 

14 

200 

83 

20 

! 37 

10 

33 

100 

84 

15 1 

48 

7.5 

44 

0 

88 

10 | 

64 

i 5 

51 



0 j 

88 

0 

88 




* Klett-Summerson photoelectric colorimeter. 


equivalents of HC1 were —24.5°, —18.5°, —16.1°, and —13.3°, respectively. 
This afforded confirmatory evidence that the compound tested had the l 
configuration. 

Inhibition of Growth of Saccharomyces cerevisiae, Fleischmann Strain 1S9 — 
The medium and procedure used in the yeast growth experiments were the 
same as those described previously (1). Yeast growth was measured 
turbidimetrically with a Klett-Summerson photoelectric colorimeter with 
Filter 42. The inhibitory effects of the thienylalanine isomers are sum¬ 
marized in Table I. It will be noted that half as much thienyl-L-alanine 
as thienyl-DL-alauine was required to produce the same amount of inhibi¬ 
tion. Data showing the nullification of thienylalanine inhibition of yeast 
growth by DL-phenylalanine are given in Table II. 

Inhibition of Growth of Escherichia coli —The organism, procedure, and 
medium used in these experiments have been described previously (3). 
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Data from typical inhibition and nullification experiments are given in 
Tables III and IV. As in the case of yeast, the same degree of inhibition 
is achieved by a given amount of thienyl-L-alanine as by twice as much 
thienyl-DL-alanine. 

Inhibition of Growth of LacfxfbaciUua delbrueckii LD5 *—The medium used 

Table II 


Nullification by Phenylalanine of Thienylalanine Inhibition of Growth of 
Saccharomyces cerevisiae 


DL-Phenylalaninc per 7 cc. 

i 

Plus 50 y thienyl-L-alanine per 7 cc. 

Plus 100 7 thienyl-DL-alanine per 

7 cc. 

, 

Colorimeter readings* 

y 



800 

88 

88 

600 

95 

93 

400 

98 

94 

300 

93 

90 

200 

76 

78 

100 

45 

48 

50 

24 

27 

0 

12 

12 


* The control tubes containing no phenylalanine or thienylalanine gave colo 
rimeter readings of 108. 


Table III 


Effect of Thienylalanine homers on Growth of Escherichia coli 


Thienyl-DL-ala¬ 
nine per 6 cc. 

Colorimeter 

reading 

Thienyl-L-alanine 
per 6 cc. 

Colorimeter 

reading 

Tbienyl-D-alanine 
per 6 cc. 

Colorimeter 

reading 

y 


y 


y 


3 

8 

1.5 

7 

1000 

98 

2.5 

19 

1.25 

18 

600 

99 

2.0 

38 

1.0 

45 

400 

99 

1.75 

60 

0.88 

60 

200 

96 

1.5 

76 

0.75 

78 

100 

96 

1.25 

85 

0.63 

86 

0 

100 

1.0 

91 

0.5 

89 



0 

100 

0 

100 

j 



for these experiments was that described by Stokes, Gunness, Dwyer, and 
Caswell (4), with the exception that phenylalanine and norleucine were 

* American Type Culture Collection No. 9595. Evidence has recently been pre¬ 
sented by Rogosa (8) and Dunn and coworkers (9) to show that this organism is a 
variety of Lactobacillus casei. 
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omitted and pyridoxine hydrochloride was substituted for pyridoxamine. 
The vitamins were all dissolved in one stock solution which was renewed at 
least once a month. Also a stock solution was prepared containing most 
of the amino acids with each in a concentration of 5 mg. per cc. 


Table IV 

Nullification by Phenylalanine of Thienylalanine Inhibition of Growth of 

Escherichia coli 


Di-Phenylalanine per 6 cc. 

Plus 5 y thienyl-DL-alanine per 6 cc. 

Plus 2.5 7 thienyl-L-alanine per 

6 cc. 

Colorimeter readings* 

7 



100 

87 

87 

so 

82 

81 

20 

79 

81 

10 

77 

75 

5 

68 

68 

3 

60 

56 

2 

44 

50 

1 

40 

39 

0.5 

27 

27 

0 

15 

4 


* The control tubes containing no phenylalanine or thienylalanine gave colo¬ 
rimeter readings of 87 to 89. 


Table V 


Effect of Thienylalanine Isomers on Growth of Lactobacillus delbrueckii 


Thienyl-DL-ala- 
nine per 6 cc. 

Colorimeter 

reading 

Thienyl-L-alanine 
per 6 cc. 

Colorimeter 

reading 

Thienyl-n-alanine 
per 6 cc. 

Colorimeter 

reading 

7 


7 


7 


1200 

33 

600 

32 

5000 

■ 9 - 

1000 

39 

500 

41 

2500 

Hp 

600 

56 

300 

58 

1000 

■Sfi 

400 

72 

200 

72 

500 

■ 9 

300 

82 

150 

81 

0 

100 

. 200 

91 

100 

91 



100 

103 

50 

101 



0 

100 

0 

101 




The compounds to be tested were placed in 16 X 126 mm. Pyrex test- 
tubes in a total volume of 1 cc. of water, and 5 cc. of the above medium 
were added. Cells from a 20 to 24 hour culture of the organism, grown in 
the inoculum medium of McMahan and Snell (10), were centrifuged, 
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washed, and resuspended in 20 cc. of saline. 1 drop of this suspension 
was used to inoculate each tube. Growth was estimated turbidimetrically 
after incubation for 40 hours at 37°, with a Klett-Summerson photoelectric 
colorimeter with Filter 66. 

40 7 of DL-phenylalanine were added to each of the tubes containing the 
amounts of thienylalanine noted in Table V. In the absence of thienyl- 
alanine this amount of DL-phenylalanine produced about 75 per cent of the 
maximum growth obtainable with an optimal amount of phenylalanine. 
The results indicate that, as in the case of the other organisms, thienyl-L- 
alanine and thienyl-DL-alanine show the same inhibitory activity on the 
basis of the amount of l isomer present, whereas thienyl-D-alanine shows 
no activity. 


SUMMARY 

The resolution of 0-2-thienyl-DL-alanine has been described and the effect 
of the two enantiomorphs on the growth of Saccharomyces cerevisiae , 
Escherichia coli , and Lactobacillus dclhrueckii LD5 has been reported. The 
thienyl-L-alanine caused inhibition of the growth of each microorganism 
which could be counteracted by the addition of phenylalanine. The d 
isomer had no inhibitory activity. 

The authors are indebted to Dr. Julian R. Rachele and Miss Josephine 
E. Tietzman of this laboratory for the microanalytieal work. 
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The investigations which followed the discovery of diisopropyl fluoro- 
phosphate (DFP) posed two distinct problems: (1) whether the high 
toxicity of this compound must be attributed exclusively to the reaction 
with cholinesterase, (2) whether cholinesterase activity is essential for 
conduction. 

t Many difficulties and apparent contradictions had to be overcome before 
the inseparable association of the toxic signs of DFP poisoning with the 
inhibition of cholinesterase became evident. The ability to reverse the 
block of conduction in nerves exposed to DFP appeared incompatible with 
the irreversible inactivation of cholinesterase which was assumed to be 
instantaneous. It could, however, be shown that the irreversible in¬ 
activation of cholinesterase by DFP is a slow process dependent upon a 
number of controllable factors and, furthermore, that the inactivation of 
the enzyme is paralleled in every respect by the abolition of the electrical 
activity of nerves (1-4). The observation that conduction is possible in 
complete absence of cholinesterase was shown to be based on inadequate 
techniques (5). It is true that in some nerves as much as 90 per cent of 
the cholinesterase may be inactivated without impairing conduction, but 
this indicates only that the enzyme may be present in excess (10 times); 
the remaining 10 per cent is essential and cannot be inactivated without 
impairing conduction. The amount metabolized by this fraction is in the 
range to be expected on the basis of thermodynamic data (6). The rela¬ 
tively high concentration of DFP required to block conduction in nerves 
exposed to the compound could be explained by the observation that only 
a fraction of the DFP outside (less than 0.5 per cent) is found inside the 
nerve. Much of the highly lipide-soluble compound is apparently retained 
by the lipide membrane (5). Finally, it could be shown that the death 

* The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and Columbia University. Under 
the terms of this contract the Chemical Corps neither restricts nor is responsible for 
the opinions or conclusions of the authors. It has been supported by a grant from 
the Josiah Macy, Jr., Foundation. 
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following injections of DFP coincides with the inactivation of cholinesterase 

( 6 ). 

DFP is one of the most specific and most powerful enzyme inhibitors 
known (7). Although its toxicity must be referred to this single chemical 
reaction, the investigations mentioned have demonstrated that the effec¬ 
tiveness of a drug depends on a great variety of factors. Some of these 
factors were found in experiments on isolated nerves or on the whole 
animal; others, in in vitro experiments. 

Some kinetic aspects of the enzyme inhibition of DFP have now been 
studied in order to determine whether or not additional factors have to be 
considered in the interpretation of the mechanism of DFP action. Such 
an analysis has been made possible by the availability of a virtually pure 
cholinesterase preparation, showing only one component in the analytical 
ultracentrifuge run. The results of these observations will be described 
in this paper. 


Methods 

Cholinesterase was prepared by fractional ammonium sulfate precipita¬ 
tion from the electric tissue of Electrophorus electricus as recently described 
(8). About 50 cc. of a solution were obtained, capable of splitting 2500 
gm. of acetylcholine per hour. 1 mg. of protein could hydrolyze 20 gm.'of 
acetylcholine per hour. The enzyme solution was dialyzed against distilled 
water for 9 days, then divided into five equal portions and lyophilized. 1 
A fine white powder was obtained and kept for several months in the 
refrigerator in sealed ampuls. One tube of lyophilized cholinesterase was 
dissolved in 30 cc. of solution containing the following salts: 0.1 m NaCl, 
0.01 m MgCh, 0.015 m phosphate buffer, pH 7.4. The solution could 
hydrolyze approximately 500 gm. of acetylcholine per hour, which in¬ 
dicated that the process of lyophilization and storage of the powder for 
several months in the ice box had no effect on the activity of the enzyme. 

The enzyme solution was centrifuged at 36,000 r.p.m. for 1 hour at 
about 9°. 2 The pellet was redissolved in 4 cc. of phosphate buffer described 
above. Since there were some undissolved particles, the solution was 
centrifuged and the residue washed twice with 3 cc. of buffer. 1 cc. was 
capable of splitting 24.4 gm. of acetylcholine per hour. More than half 
of the enzyme activity was lost by the procedure. We are unable to 
account for this loss, since, in previous experiments, ultracentrifugation 
did not affect the activity under similar conditions. In the solution 
obtained, 1 mg. of protein was capable of hydrolyzing about 60 gm. of 

1 We are greatly indebted to Dr. J. A. Aeeehlimann, Hoffmann-La Roche, Inc., 
ip whose department the lyophilization was carried out. 

•We are greatly obliged to Dr. K. O, Stern for the ultracentrifuge run. 
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acetylcholine per hour, which is close to the highest degree of purity ob¬ 
tained previously (8). This enzyme solution has been used in all experi¬ 
ments described in this paper. 

The incubation at 10° and the manometric determinations of the cholin¬ 
esterase activity at this temperature were carried out in a refrigerated 
Warburg bath. 1 


t Results 

Optimal Incubation Period —For the study of the kinetics of the inhibi¬ 
tion of an enzyme, the possibility of working with a wide range of enzyme 
concentration is a great advantage. Rather high enzyme concentrations 
appeared advisable for determining whether the effect of DFP on the 
enzyme occurs on a mole to mole basis. The enzyme concentration of the 
preparation available was 1.4 X 10~ 7 m, calculated on the assumption of a 
molecular weight of about 3,000,000. This figure is based on the sedi¬ 
mentation rate in the analytical ultracentrifuge run (8). The concentra¬ 
tion appeared to be proper for the investigations planned. 

At first, an incubation period had to be found which offered the optimal 
condition. Since the inhibition of the enzyme is progressively irreversible, 
a prolonged incubation period would lead to the destruction of the greatest 
part of the enzyme, whereas the effect during a short incubation period 
might be too small for accurate estimation. To 0.5 cc. of the enzyme 
solution, 0.5 cc. of a solution was added of which the DFP concentration 
was 3 X 10“ 6 m. The degree of inhibition was determined at varying 
periods of incubation by removal of an aliquot part of the solution and 
dilution to 5000 times its original volume. By this dilution, the con¬ 
centration of DFP falls far below its inhibitory range and that fraction 
of the enzyme which had not been irreversibly inactivated could be deter¬ 
mined manometrically. As may be seen from the data of Fig. 1, at 23° 
inactivation of about 50 per cent is obtained after an incubation period of 
150 minutes. During this period, the percentage inactivation rises at a 
rather high rate, whereas later the increase progresses more slowly. After 
300 minutes incubation, the fraction of enzyme inactivated had risen to 
66 per cent. 

The experiments were repeated at 10°. The percentage inhibition, as 
may be seen from the data of Fig. 1, was slightly smaller than at 23°. The 
shape of the curve was, however, about the same. After 150 minutes of 
incubation, 39 per cent of the enzyme was inactivated, after 300 minutes 
about 55 per cent. At first glance, it may seem surprising that the differ¬ 
ence between 10° and 23° is so small. But obviously, two antagonistic 

1 Manufactured by the American Instrument Company. 
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factors are involved: at 23°, the rate of hydrolysis by active enzyme will 
be higher; on the other hand, the rate of inactivation of cholinesterase by 
DFP will also be increased at higher temperature and therefore less active 
enzyme will be left at the end of the incubation period. These antagonistic 
effects may account for the rather small difference observed. 

From the data obtained, an incubation period of 150 minutes at a tem¬ 
perature of 10° appeared to be a favorable condition for the study of the 
varying factors involved and has been used for the following observations. 

Relation between Enzyme and Inhibitor Concentrations —Having thus 
established the optimal incubation period, the concentration of the inhibitor 


INHIBITION 
PER CENT 



MIN. OF INCUBATION-► 

Fig. 1. Inactivation of cholinesterase by DFP at varying periods of incubation. 
The DFP concentration used was 1.6 X 10~ 8 m; the enzyme concentration about 
7 X 10“* m; X at 23°, » at 10°. 

during the incubation was varied in order to test whether or not the effect 
changed proportionally. As may be seen from Fig. 2, the inhibitory effect 
of DFP at a concentration lower than that required for 50 per cent inhibi¬ 
tion at 150 minutes incubation decreased strictly proportionally. This 
suggests an inactivation of the enzyme by the inhibitor on a stoichiometric 
basis. The data obtained in a series of experiments were so consistent that 
only one set is reproduced in Fig. 2. With twice the concentration re¬ 
quired to inactivate 50 per cent of the enzyme, the percentage inhibition 
rose to 86.5 per cent. The departure from strict proportionality is to be 
expected in that high range of inhibition. 

Excess of Inhibitor over Enzyme Concentration —Although the strict 
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proportionality between increase of inhibitory effect and the increased 
concentration of the inhibitor suggested an action on a mole to mole basis, 
it appeared surprising that the concentration of the inhibitor, under the 
experimental condition used, was 25 times as high as the concentration 
of the enzyme. 

In order to find out the rdle of the enzyme concentration in this connec¬ 
tion, a series of tests was made by varying the enzyme concentration from 
10~ 7 to 10~ u m. As may be seen from Fig. 3, it was found that the excess 
required increases rapidly wfth dilution. If p E, the negative log of the 
molar concentration of the enzyme, is plotted against the log of the ratio 

INHIBITION 
PER CENT 



Fig. 2. Relationship between the percentage of enzyme inhibition and the con¬ 
centration of DFP. Up to 50 per cent, the inhibition increases strictly proportionally 
to the increase of DFP concentration, suggesting a reaction on a mole to mole basis. 

of inhibitor concentration, [J], to enzyme concentration, [E\, a straight 
line is obtained. Whereas the excess of molecules of inhibitor over mole¬ 
cules of enzyme is 25 times in the highest enzyme concentration used, 
more than 100,000 molecules of inhibitor are necessary for each molecule 
of enzyme in the lowest concentration tested in order to obtain the 50 
per cent inactivation. 

It appears likely that the line of Fig. 3 remains straight at concentrations 
higher than those tested. In that case, extrapolation to the point log 
[I]/\E] = 1 would give a value of approximately 6. At this concentration, 
1 cc. of enzyme would hydrolyze between 350 and 400 gm. of acetylcholine 
per hour. Such a concentration of the enzyme may be obtained. In 
earlier experiments, an enzyme solution was prepared, 1 cc. of which was 
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capable of hydrolyzing 600 gm. of acetylcholine per hour. Whether such 
a concentration may occur in nature is at present difficult to decide. The 
highest activities found for electric tissue of the eel and the head ganglion 
of squid corresponded to a hydrolytic power of 6 to 7 gm. of acetylcholine 
per gm. of fresh tissue per hour. Since it is known that the enzyme is 
concentrated exclusively in the neuronal surface, it is possible that if the 
active membrane is a layer only a few molecules thick the concentration 
there may be of this order of magnitude or even higher. Independent 
of this physiological problem, it would be of interest for the study of the 
kinetics of the enzyme inhibition to test the inhibitory effect in such ex- 


p£ 



Fig. 3. Excess of DFP required for varying enzyme concentrations, p E t the 
negative log of the molar concentration of the enzyme, is plotted against the log of 
the ratio of inhibitor concentration, [/J, to the enzyme concentration, [#]. 


treme concentrations. However, for the time being, no such preparation 
is on hand and the experiment must be postponed for later studies. 

Difference between DFP , Eserine, and Prostigmine —The fundamental 
difference of the chemical reaction between cholinesterase and DFP as 
compared with that of other known inhibitors is obviously the progressive 
irreversibility. It appeared worthwhile, however, to investigate whether 
or not there are additional variables on which the effect of these two types 
of inhibitors may depend. 

Since the reaction between prostigmine and cholinesterase is totally 
reversible, an incubation with a high enzyme concentration and subsequent 
dilution of several thousand times, as has been used in the case of DFP, 
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should lead to complete inactivation and, therefore, have no effect. This 
has been checked and confirmed. In experiments with diluted solutions, 
the immediate effect of prostigmine and eserine is in striking contrast to 
the slowly increasing action of DFP. As may be seen in Fig. 4, incubation 
with eserine for varying periods of time, up to 150 minutes, does not alter 
the degree of inhibition. The same has been found with prostigmine. 
The percentage of inhibition produced by DFP rises continuously. In 
this case, the inhibition represents the total effect, the reversible as well 


INHIBITION 
PER CENT 

100 ,- 



X Eserine 
• OFP 

_I_L» 

75 150 

MIN. OF INCUBATION-* 

Fig. 4 


INHIBITION 
PER CENT 



Fig. 5 


Fig. 4. Difference between the effect of incubation on cholinesterase inhibition 
by DFP and by eserine. The prostigmine effect, like that of eserine, is unaffected 
by incubation. The DFP concentration, as well as that of eserine, was 1 X 10~ 6 m. 

Fig. 5. Effectiveness of the inhibition of cholinesterase by DFP and the alkaloids 
prostigmine and eserine at varying inhibitory concentrations. Inhibition in per 
cent plotted against p/, the negative log of the molar concentration of the inhibitors. 
In the experiments with DFP, the enzyme was incubated for 160 minutes with the 
inhibitor before the determination. No incubation time was used in the experi¬ 
ments with the alkaloids. 


as the irreversible part, since, at the end of the incubation period, the 
enzyme activity has been tested without dilution. Whereas, for short 
periods of contact, prostigmine and eserine are, at the same concentration, 
stronger inhibitors than DFP, the effect becomes equal to that produced by 
DFP after 150 minutes incubation and will be stronger than that of the 
two alkaloids if the enzyme remains in contact with the inhibitor for still 
longer periods of time. It is obvious that this factor will influence the 
toxicity in vivo . In warm blooded animals, i.e. at 37°, the reaction rate 
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between DFP and enzyme will be much higher than that observed at the 
low temperature used in these experiments. But for short periods of 
time, a considerable difference may be expected between the two types of 
inhibitors. 

In another respect, the experiments have revealed a significant difference. 
In low concentrations, at 10“* to 10“ 7 m, prostigmine and eserine have a 
much stronger effect than DFP, even after 150 minutes incubation. How¬ 
ever, with increasing concentration, the effectiveness of DFP increases 
markedly and at about 3 X 10“ 6 m, it surpasses that of the two alkaloids. 
Fig. 5 shows the inhibitory effects obtained by varying the inhibitor 
concentration. These data were obtained with a constant incubation 
period of 150 minutes at 10°. Since the latter factor has no significant 
effect on the inhibitory action of the alkaloids, its change would influence 
only the DFP curve. At a given concentration, therefore, significant 
differences in effect may be produced by merely altering the incubation 
time. 


DISCUSSION 

Two essential facts emerge from the studies of kinetics of cholinesterase 
inhibition by DFP. First, the enzyme inhibition by this compound is a 
stoichiometric reaction. Since the inhibitory effect is produced rapidly, 
whereas the irreversible reaction requires a certain period of time, it 
appears likely that, at first, a loose addition complex is formed between 
enzyme and inhibitor. However, a chemical reaction, which cannot be 
easily reversed, soon develops between the active group of the enzyme 
and the DFP molecules. The rate of this reaction depends upon the 
temperature, the Qio being approximately 2 as was found previously (4). 

The second fact is the large excess of inhibitor required at low enzyme 
concentrations. Since the reaction probably occurs on a mole to mole 
basis, this large excess may indicate a low affinity for DFP. It may be 
suggested that the inhibitor molecule is rather small when compared with 
the enzyme and therefore the probability of collision with the active group 
is smaller in more dilute solutions. But the difference in size between the 
enzyme molecules and the alkaloids is nearly as great as in the case of 
DFP and yet the percentage inhibition is greater for the former and the 
reaction faster. Since we do not know the nature of the active groups 
and whether they are actually identical in both types of enzyme inhibition, 
the problem requires further investigation. 

Another result of the observations is the difference between the kinetics 
of the inhibition by the alkaloids and by DFP. Besides the smaller reac¬ 
tion time just mentioned, the fact that, with a given concentration, the 
effectiveness of the DFP inhibition surpasses that of the alkaloids is of 
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great physiological interest, since the crossing of the two curves occurs in 
a range most important for the toxic effect. Cholinesterase, like all 
enzymes, is present in considerable excess; it was found to be 10 to 12 
times in frog sciatic nerve, and 5 to 6 times in the abdominal chain of 
lobster (1, 5). It may vary in different species and even in different 
tissues of the same species and may not be always constant. Let us assume 
a range from 3 to 20 times. The toxic effects may then be expected to 
start after inactivation of between 66 and 95 per cent of the enzyme. In 
this range, the inhibition by DFP increases rapidly and approaches comple¬ 
tion, whereas that by the alkaloids follows a more asymptotic type of 
curve. The interval between the onset of the first signs of intoxication 
by DFP and the completion of its action will therefore be rather small. 
In the event that a vital center is involved, the range between an inactive 
dose and a lethal one will be narrow. 

The most striking result of these investigations is the demonstration of 
the innumerable factors upon which the effectiveness of the enzyme inhibi¬ 
tion depends in vitro . A still greater variety of factors has an essential 
r61e determining the effect on cells and organs in vivo t such as circulation, 
permeability of different membranes, rate of penetration, etc. Conse¬ 
quently, the toxic signs show a nearly unlimited number of variations and 
it is not surprising that some investigators have been misled into believing 
in different mechanisms and in an undefined general toxic effect of DFP. 
The experiments lend, however, further support to the conclusion derived 
from the previous observations that the toxicity of DFP must be attributed 
exclusively to the inactivation of cholinesterase. The great variety of 
toxic symptoms is obviously not due to a multitude of chemical reactions 
but to the great number of variables which have been demonstrated to 
influence the course of this single reaction. 

SUMMARY 

Some kinetic aspects of cholinesterase inactivation by DFP have been 
studied and compared with the inhibitory effect of alkaloids. A highly 
purified enzyme preparation was available in which 1 mg. of protein was 
capable of hydrolyzing 60 gm. of acetylcholine per hour. 

* 1. The rate of inactivation for varying periods of incubation has been 
measured. Under the conditions used, about one-half of the enzyme was 
inactivated after 150 minutes incubation. The rate of inactivation then 
decreased considerably. 

2. Only a small difference in the rates of inactivation was found between 
10° and 23°. This may be explained by the fact that the higher inactiva¬ 
tion rate at the latter temperature is compensated for by the increase in 
enzyme activity from 10° to 23°. An incubation period of 150 minutes 
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at 10° appeared a favorable condition and was used for obtaining the data 
for the observations which follow. 

3. With increased DFP concentration, the inactivation of the enzyme 
inc r ease d proportionally. The data suggest a reaction on a stoichiometric 
basis. 

4. The reaction of DFP with the cholinesterase depends on the enzyme 
concentration as well as on that of the inhibitor. The greater the dilution 
of the enzyme, the higher is the excess of DFP required. If p E, the nega¬ 
tive log of the molecular concentration of the enzyme, is plotted against 
the log of the ratio of inhibitor concentration, [/], to that of the enzyme, 
[£], a straight line is obtained. In the concentration generally used for 
manometric determinations, an excess of more than 100,000 molecules 
of inhibitor is necessary per molecule of enzyme. 

The fundamental difference of the inhibition of cholinesterase by DFP 
as compared with that by the alkaloids prostigmine and eserine is the 
irreversible nature of the former. Additional differences, however, were 
observed. 

5. Incubation at periods up to 150 minutes did not affect the inhibitory 
action of the alkaloids, in contrast to that of DFP. 

6. In lower concentrations the alkaloids have a stronger effect than 
DFP, even if the former are tested without and the latter after 150 minutes 
incubation. In higher concentrations, the DFP inhibition becomes more 
effective and rapidly approaches completion, whereas that of the alkaloids 
follows a more asymptotic type of curve. 

The experiments offer additional support for the conclusion that the 
great variety of toxic symptoms by DFP poisoning must not be attributed 
to a multitude of chemical reactions but to the great number of variables 
influencing the course of the single reaction with cholinesterase. 
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(Received for publication, February 12, 1948) 

In 1944 Kohn and Liversedge (1) showed that tissue suspensions or 
slices incubated aerobically produce a compound which will condense with 
either p-aminobenzoic acid (PAB) to give a yellow color or with thiobar- 
bituric acid to give an orange-red color. Brain is the most active tissue, 
liver next, and other tissues show some activity. Subsequently, Bemheim 
tt oZ. (2) found that washed brain suspension boiled for 10 minutes and 
then incubated aerobically with small amounts of ascorbic acid takes up 
oxygen and produces the substance which condenses with PAB or thio- 
barbituric acid. Apparently, in the presence of ascorbic acid something is 
split from the brain protein. Elliott and Libet (3) have shown that phos- 
pholipides increase the oxygen uptake of brain suspensions and that this 
effect is increased by ascorbic acid. Accordingly, we prepared and purified 
lecithin from brain and also from eggs, and, after incubating this lecithin 
with ascorbic acid, obtained colors with PAB and thiobarbituric acid. The 
absorption spectra of both are identical with those reported by Kohn and 
Liversedge. It thus seems that ascorbic acid catalyzes the oxidation of 
lecithin, either free or combined with tissue protein, and that this oxidation 
can be followed quantitatively by the use of either one of the reagents 

EXPERIMENTAL 

Egg lecithin was prepared by extracting yolks with an alcohol-ether 
mixture, filtering, evaporating to a small volume, and precipitating with 
acetone. The precipitate was dissolved in petroleum ether and reprecipi¬ 
tated with acetone. This process was repeated three to five times. Brain 
lecithin was prepared from rat brain by first desiccating the ground tissue 
with acetone and then extracting it with petroleum ether and precipitating 
with acetone. Cephalin, prepared according to the method of Folch (4), 
was kindly supplied by Dr. J. H. Ferguson, lysolecithin by Dr. H. B. 
Collier, and sphingomyelin and sphingosine by Dr. H. E. Carter. 

The experiments were carried out at pH 6.0 because the pH optimum of 
the reaction with free lecithin is the same as that found by Kohn and 
liversedge for tissue suspensions. Lecithin which had been kept under 
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acetone in the ice box was rapidly dried, weighed, and either shaken into an 
emulsion in 0.05 m sodium-potassium-phosphate buffer, pH 6.0, or dis¬ 
solved in 95 per cent alcohol. The required amount was put into 50 cc. 
Erlenmeyer flasks with or without ascorbic acid which had been brought 
to the same pH. The total volume in each flask was 4.0 cc. The flasks 
were filled with 100 per cent oxygen and incubated with shaking in a bath 
at 37°. No reaction occurred in nitrogen. Heating at 100° or at 125° in 
the autoclave gave a negative result, presumably because the product of 
the reaction is destroyed at high temperatures. The instability of the 
product is also shown by the fact that evaporation to dryness even at low 
temperatures completely inhibited the reaction. After the addition of 
trichloroacetic acid, aliquots of the incubated material were taken, and the 
thiobarbituric acid reagent of Kohn and Liversedge was used to develop 
the color. The absorption spectra were measured in the Beckman spectro¬ 
photometer. 

Most of the experiments were done with egg lecithin. As soon as it was 
prepared, a sample was tested with the thiobarbituric acid reagent. This 
reagent was used rather than PAB because it gives a somewhat more stable 
color, which was estimated in the Evelyn photocolorimeter with a No. 540 
filter. Because of the slight opalescence of lecithin solutions, controls 
without the addition of thiobarbituric acid were used to estimate the light 
absorption of the lecithin itself. When a lecithin-protein complex was 
used, addition of trichloroacetic acid precipitated the lecithin with the 
protein, which could be centrifuged off to leave a clear solution. The 
amount of color produced by the freshly prepared lecithin varied consider¬ 
ably in different preparations. Incubation of the lecithin for 2 to 3 hours 
at 37° in 100 per cent oxygen without ascorbic acid produced some increase 
in color. This also occurred if the lecithin was allowed to stand in the ice 
box for several weeks. Autoxidation, therefore, produces the same sub¬ 
stance (indicated by the identity of the absorption spectrum) as oxidation 
in the presence of ascorbic acid. The latter catalyzes the reaction. 

Table I shows the effect of varying the lecithin and ascorbic acid con¬ 
centrations on the color developed after incubation. The values (D = 
(2 — log T) X 100) are corrected from a calibration curve, for the absorp¬ 
tion is proportional to the concentration at low concentrations only. Ac¬ 
curate results were difficult to obtain, because of the tendency of the lecithin 
to be adsorbed on glass surfaces, thus altering the amount in solution. 
Better proportionality was obtained with the brain protein-lecithin complex 
(2). When 1.0 to 2.0 mg. of lecithin was used with ascorbic acid, maxi¬ 
mum values were obtained at the end of 2 hours incubation. Further 
incubation was without effect even if more ascorbic acid was added at the 
end of the 2 hour period. The ascorbic acid is thus not the limiting factor. 
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In order to determine what part of the lecithin molecule was undergoing 
oxidation, the following experiments were done. Incubation of choline, 
glycerol, or /8-glycerophosphate with ascorbic acid gave negative results. 
Apparently the fatty acid part of the molecule is the point of attack. To 
prove this, lecithin was hydrolyzed by KOH in the usual way and the 

Table 1 

Effect of Lecithin, Ascorbic Acid, and Fatty Acids on Color Development 


Color produced after incubation of eggiedthin with 0.2 mg. ascorbic acid for 1.5 hn. at 37°, pH 6.0, in 
100% Oj; ledthin dissolved in 95% alcohol; each vessel contained 3.8 cc. buffer and 0.2 cc. alcohol; 
control values without ascorbic add have been subtracted 


Lecithin 

Color ,D -(2-log T)X 100 

mg. 


0.25 

3.3 

0.60 

5.8 

1.00 

10.1 

2.00 

18.2 

Color produced after incubation of ascorbic acid with 5.0 mg. ledthin for 3 hn. at pH 6.0; control values 
without ascorbic add have been subtracted 

Ascorbic acid in 4.0 cc. 


0.001 

7.1 

0.0025 

7.9 

0.005 

16.6 

0.010 

20.1 

0.025 

24.6 

0.050 

35.1 

0.100 

33.1 

Color produced after incubation of linseed oil fatty acids with 0.2 mg. ascorbic acids for 2.5 hrs. at 37*, pH 6.0, 
in 100% O*; fatty acids dissolved in 95% alcohol; each vessel contained 3.8 cc. buffer and 0.2 cc. alconol; 
control values without ascorbic acid have been subtracted 

Fatty acids 


0.5 

1.9 

1.0 

2.9 

2.0 

7.3 


fatty acids isolated. When these were suspended in buffer and incubated 
with ascorbic acid, positive results were obtained. In confirmation of this, 
highly purified linseed oil, a product of the F. Weber Company, Philadel¬ 
phia, was hydrolyzed, and after incubation of the fatty acids, positive 
results were also obtained (Table I). The values in the absence of ascorbic 
acid were high, indicating that considerable autoxidation had taken place. 

The double bond in the fatty acid is a probable site of the oxidation. 
Lysolecithin, which has no unsaturated fatty acids, gave negative results. 
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Sphingomyelin and sphingosine also were negative, and they contain 
amino and hydroxy groups; so these cannot be involved in the oxidation. 
Different amounts of iodine were added to a solution of lecithin which was 
warmed until all the iodine had disappeared, as judged by the starch test. 
Incubation of the iodine-treated samples showed that the color reaction 
was reduced more or less in proportion to the amount of iodine added 
(Table II). Attempts to perform this experiment with the use of Hamis’ 
solution were unsuccessful because of the tendency for iodine to be liberated 
on standing after the end-point has been reached. The iodine would thus 
interfere with the ascorbic acid. Oleic and ricinoleic acids, both of which 

Table II 

Effects of Adding Iodine, Semicarbazide, and Phenylhydrazine to Egg Lecithin 
The effect of adding different amounts of 0.005 n iodine to 5.0 mg. of egg lecithin 
before incubation and the effect of adding different amounts of semicarbazide and 
phenylhydrazine after incubation at 37° for 2.5 hours in 100 per cent O a at pH 6.0. 
The control values without ascorbic acid have been subtracted. 


Reagent added 

Color, D - (2 - log T) > 

None i 

16.6 

0.3 cc. I* 

8.5 

0.5 44 44 j 

2,9 

0.8 ' 4 44 

0.0 

None 

19.6 

0.10 mg. semicarbazide 

13.4 

0.25 44 

12.0 

0.50 44 

3.2 


0.10 “ phenylhydrazine HC1 | 18.5 

0.50 “ 41 “ j 12.4 

0.75 44 “ 41 j 9.4 


have one double bond in the middle of the molecule, gave negative results. 
Therefore, this double bond is not oxidized to produce the chromogenic 
compound. (C/. Bailey (5) for a discussion of the different reactivities of 
double bonds in fatty acids.) 

The nature of the oxidation product was investigated. After incubation 
of lecithin, small amounts of semicarbazide or phenylhydrazine were added 
to the mixture before the thiobarbituric acid. Table II shows that such 
additions inhibited the subsequent color formation, which suggests that 
an aldehyde or ketone group is present. It is probable, however, that 
such groups are potentially rather than actually present and are only 
formed in the presence of the reagents, because the straight chain aldehydes 
ot ketones tested will not condense with thiobarbituric acid to produce a 
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color. What probably happens is that the double bond is oxidized to form 
an, ether or peroxide linkage, which reacts with the thiobarbiturio acid (or 
PAB). The molecule is split by this reaction and either the longer or the 
shorter part combines with the reagent. 

In order to determine the size of the molecule attached to the thiobar- 
bituric acid, the colored product was isolated. After incubation of the 
lecithin and ascorbic acid and the addition of thiobarbituric acid, the mix¬ 
ture was extracted with isoamyl alcohol. The colored compound was 
was easily extracted and the?' alcohol solution was washed several times 
with acid water. The compound was next extracted from the alcohol by 
dilute alkali, which was then acidified and extracted with ether to remove 
the excess thiobarbituric acid. It was extracted with isoamyl alcohol, 
which was then slowly evaporated down. The colored compound precip¬ 
itated in a flocculent mass, which was centrifuged off and dried The 
dry powder was thoroughly extracted with boiling ether to remove any 
remaining free thiobarbituric acid. 

The product still had some inorganic residue but no organic phosphate, 
as determined after digestion with perchloric acid by the method of Fiske 
and Subbarow (6); so presumably the whole lecithin molecule is not com¬ 
bined with the thiobarbituric acid. The analysis of the compound cor¬ 
rected for the inorganic residue gave 43.3 per cent C, 16.7 per cent S, and 

15.3 per cent N. If a 3-carbon chain with 1 oxygen atom were added to 
the thiobarbituric acid, the theoretical values would be 42.0 per cent C, 

16.3 per cent S, and 14.4 per cent N. These values are sufficiently close 
to indicate that 3 carbon atoms are removed from the fatty acid. As¬ 
suming the addition of 3 carbon atoms and an oxygen, the yield of the 
colored compound is about 15 per cent. Recent work on the position of 
unsaturated bonds (7) shows that in the highly unsaturated acids (linolenic 
and others) a double bond is placed between groups of 3 carbon atoms. 

Incubation of lecithin with Hj0 2 instead of ascorbic acid gave negative 
results. Any excess HjOj which might interfere with the test was re¬ 
moved by catalase before the addition of thiobarbituric acid. Crystalline 
rat hemoglobin will, however, act catalytically for the brain preparation, 
lecithin, and the fatty acids from linseed oil and is a better catalyst for the 
last than ascorbic acid. The compound formed has the same absorption 
spectum regardless of the catalyst (Fig. 1). 1.0 mg. of epinephrine inhibits 
the catalytic action of ascorbic acid and hemoglobin completely, and 0.5 
mg. of NaCN causes partial inhibition, probably by combining with the 
end-product. 

A few experiments were done with cephalin. The autoxidation of the 
preparations used was large, but ascorbic acid still showed an effect. 
Hemoglobin, however, does not act as a catalyst for the oxidation of 
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Flo. 1. The absorption spectra of the thiobarbiturio acid compound formed after 
the oxidation of various lipides. 


cephalin. In fact it even inhibits the autoxidation as well as the action 
of ascorbic acid. After incubation of 5.0 mg. of cephalin alone, the read- 
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ing was 42.4; with 0.2 mg. of ascorbic acid, 67.2; with hemoglobin, 16.2; 
and with ascorbic acid and hemoglobin together, 24.6. Cephalin added to 
hemoglobin and lecithin does not inhibit the catalytic action of the hemo¬ 
globin on lecithin. Therefore, cephalin does not inactivate the hemoglobin. 
The absorption spectrum of the compound made from cephalin shows a 
slightly more pronounced band at 450 m m than does the compound made 
from lecithin (Fig. 1); otherwise they are identical. Experiments with 
inorganic iron and copper salts as catalysts were inconclusive, because 
they interfered with the thiobarbituric acid test. 

discussion . 

The reaction described above, namely the oxidation of a double bond 
and the breaking off of a fragment containing 3 carbon atoms from the 
end of the chain, could occur in linolenic acid. Linolenic acid, or other 
similar unsaturated acids, may be formed in the oxidative metabolism of 
brain, liver, and kidney, and possibly other tissues as well, because, after 
tissue slices are incubated aerobically, strongly positive thiobarbituric acid 
tests are obtained. The fact that such acids have not been isolated from 
liver (8), for instance, may mean that they are not stored because they are 
rapidly oxidized. Similarly, such acids have not been reported in egg 
lecithin, but may be present in small amounts. It is not possible as yet 
to decide how the oxidation proceeds in the body; i.e., whether autoxida- 
tion or catalysis by ascorbic acid or hemoglobin is responsible for the reac¬ 
tion. The evidence suggests, however, that oxidation of certain double 
bonds in a fatty acid can occur whether the fatty acid is free or bound in 
the lecithin molecule. The thiobarbituric acid test as well as the PAB 
test is a simple tool for studying this reaction in tissues under different 
conditions. 

In 1917, Plaisance (9) showed that thiobarbituric acid added to fructose, 
which had been previously heated in strong acid, produced a yellow precip¬ 
itate. We have prepared this compound and measured its absorption 
spectrum, which is completely different from the one obtained with fatty 
acids. It may also be mentioned that thiobarbituric acid produces a 
brilliant orange-red color when added to wood chips or sawdust. The 
color turns green in alkali, which is not true of the fatty acid color. We 
have not as yet been able to extract the color from the wood particles. 

SUMMARY 

1. The colors obtained by Kohn and Liversedge upon addition of either 
thiobarbituric or p-aminobenzoic acid to incubated tissues are due to a 
product of the oxidation of unsaturated fatty acids. 

2. Egg lecithin, or fatty acids isolated from it, brain lecithin, fatty acids 



264 


’WalOBARBITURIC ACID AND LIPIDRS 


from linseed oil, cephalin, and the brain protein-lecithin complex previously 
described give colors with these reagents after aerobic incubation with 
ascorbic acid. The absorption spectra of these colors are identical with 
those described by Kohn and Liversedge. 

3. After autoxidation the same colors are produced. Ascorbic acid is 
thus acting as a catalyst. Crystalline hemoglobin also acts catalytically 
for all the lipides except cephalin. Incubation with H 2 0 2 gave negative 
results. 

4. The mechanism of the reaction is discussed. 

Addendum —After incubation, pure linoleic acid (Eimer and Amend) gives only a 
trace of color with thiobarbituric acid. Under the same conditions pure methyl lin- 
olenate (Hormel Foundation) produces a large amount of the characteristic color. 
Ditertiary butyl peroxide (Shell Corporation) does not react with thiobarbituric acid 
to give a color. 
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Heparin is known to be inhomogeneous. Jorpes found, for instance, 
that heparin prepared from ox liver was not a homogeneous substance. 
Heparin has also been obtained as a crystallized barium salt, and a di¬ 
vergence of opinion exists with regard to its degree of purity, homogeneity, 
etc. For details the reader is referred to Jorpes (1) and Chargaff (2). 

Extensive physicochemical investigations have not, as far as we know, 
♦been carried out on heparin. In connection with other studies we under¬ 
took physicochemical measurements on two of the purest trade prepara¬ 
tions of heparin, viz . Roche (Switzerland) and Vitrum (Sweden). Molecu¬ 
lar weight determinations for heparin Vitrum were carried out earlier by 
Gronwall, Ingelman, and Mosimann (3). They reported a molecular 
weight of 17,000, which we have now verified. At the same time, a cer¬ 
tain polydispersity was found which led us to a closer investigation of the 
questionable homogeneity of heparin. 

EXPERIMENTAL 

Electrophoresis —Wilander found only one active component with a mo¬ 
bility of 17 to 19 X 10~ 6 sq. cm. per volt per second. Chargaff et oZ. (4) 
also found only one component on electrophoresis. In our electrophoretic 
investigation of heparin we found two distinct active components, both of 
which moved towards the anode. Heparin Vitrum and Roche gave the 
same result. 

The Tiselius electrophoresis apparatus was used for this investigation 
(c/. Svensson (5)). 

The experiment with heparin Vitrum was made with 1 per cent heparin 
solution in phosphate buffer at pH 6.8 and ionic strength 0.1. The poten¬ 
tial gradient was 6.75 volts per cm. After electrophoresis for 1 hour a 
division was obtained into two components, a and 0, with mobilities of 
u« *= 19.2 X 10~ 6 and u$ = 16.0 X 10~ 6 . The following percentage com* 
positions could be calculated from the electrophoresis diagram: a = 54 per 

* Department of Radiopathology, Caroline Institute and R&diumhemmet, Stock¬ 
holm 60. 
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cent, /S = 46 per cent. The faster peak appeared more homogeneous. The 
slower peak tended to broaden to a certain extent (Fig. 1). After electro¬ 
phoresis for a longer time, a third small component could be observed 
which had a mobility between those of the a and p peaks. 

After electrophoresis for 9 hours with compensation, the components 
were sufficiently distinct and separation could be undertaken. In one cell 
a pure a component was obtained and in the other a + p. The anticoagu¬ 
lant activity was assayed by means of the thrombin method of Jaques and 
Charles (6) and gave the following results: a = 75 per cent of the original 
activity, a + P = 100 per cent. 



limb). 

Consequently both components are active, but the a component has the 
greater activity, since the percentage composition indicated that the com¬ 
ponents were present in the ratio 1:1. 

The buffer was separated from the different fractions by dialysis, after 
which they were “freeze dried.” Analyses for ester sulfate and hexosamine 
were then made on both fractions. The hexosamine content was practi¬ 
cally the same in both fractions, but the a fraction contained 9.0 per cent 
ester sulfate, while the a + P fraction contained only 7.3 per cent ester 
sulfate. Thus, the a component is definitely richer in ester sulfate than 
the P component. 

When heparin Roche was examined under the same experimental condi¬ 
tions, we found the mobilities to be u* = 18.4 X 10~ 6 , Up = 16.0 X 10~ 8 , 
and the percentage composition a = 50 per cent and p = 60 per cent. 
Also in this case the p component became broader (Fig. 2). After electro¬ 
phoresis for 8 hours the experiment was stopped, the a and a + P fractions 
taken out, and their activities determined: a = 55 per cent of the original 
activity and a + p ** 100 per cent. 
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Obviously heparin is characterized electrophoretically by two main com¬ 
ponents which occur in about the same proportions but have different 
anticoagulant properties. The composition of heparin Roche and Vitrum 
seems to be fairly similar. 

Adsorption Analysis —We have also used the adsorption technique of 
Tiselius, further developed by Claesson (7). By means of a frontal adsorp¬ 
tion analysis a diagram was obtained which shows a step for each compo¬ 
nent, but no definite statements can be made as to the amounts of the com- 



Fig. 2. Electrophoresis diagram of heparin Roche after 120 minutes (positive 
limb). 


20 

10 

0 ______ -L 

10 20 ml 

Fig. 3. Frontal adsorption analysis of an 0.20 per cent heparin Vitrum solution in 
water. The ordinate gives the increase in the refractive index. 

ponents. The analysis of heparin Vitrum with “Carboraffin supra” 
(Lurgi) as the adsorbent gave a frontal analysis diagram with three com¬ 
ponents (Fig. 3). Only the first component could be assayed and its anti¬ 
coagulant activity was found to be low. On the other hand, heparin 
Roche gave four components during a similar analysis (Fig. 4). 

RecrystdUization Experiments —It was of interest to study the effect of 
recrystallization on heparin, and, in particular, of the recrystallization of 
the barium salt in warm acetic acid according to Wolfrom et al. These 
authors reported (8, 9) that heparin Roche partly loses its activity alter 
recrystallization, despite the fact that the sulfur content maintains its 
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initial value. During this process they found that amino groups were 
liberated from the heparin molecules. 

In our experiments to recrystallise heparin Roche the results given in 
Table I were obtained. Recrystallization experiments were also performed 
with heparin Vitrum, and similar results were obtained (Table II). 

Determinations of the anticoagulant effect by the thrombin method of 
Jaques and Charles showed a decrease in the heparin activity, although 



Fio. 4. Frontal adsorption analysis of an 0.20 per cent heparin Roche solution in 
water. The ordinate gives the increase in the refractive index. 


Table I 

Recrystallization of Heparin Roche according to Wolfrom el Al. 


. 

-— 

Anticoagulant effect 

Metachromacy 
(Macintosh (10)) 


i 

Hexos- 

tLtnine* 

Measured 
as Ba salt 

Calculat¬ 
ed as Na 
saltf 

Measured 
as Basalt 

Calculat¬ 
ed as Na 
saltf 

.S'» 

I Ester 

1 sulfate* 


per cent 

Per cent 

per cent 

per cent 


per cent 

per cent 

Nasalt... . ... 


100 

! 

118 1 

2.07 

9.0 

21 

Ba “ (from Na salt) 

! so ; 

98 

in | 

136 ! 

1 2.24 

9.4 


f, recrystallized . 

67 

82 | 

77 

94 

1 2.37 



II, recrystallized. 

62 j 

75 

81 

99 

! 2.73 



Ill, recrystallizcd . . 

56 

68 

82 

100 j 

2.66 

i 


IV', recrystallized. 

44 j 

54 

90 

no ; 

2.51 



V, recrystallized. 

36 i 

44 

87 

106 

2.70 

9.5 

24.0 


* The analyses were calculated for air-dried substances as Na salts, 
t Conversion factor 1484/1210 (see Jorpes (1) p. 84). An initial sodium salt was 
given as 100 per cent. 


not quite so great as that found by Wolfrom et al. (8), while the degree of 
metachromacy determined according to Macintosh (10) remained constant 
within the limits of error. Analyses showed also that the content of the 
ester sulfate and hexosamine did not change appreciably during five re¬ 
crystallizations (Table I). 

On the other hand, the ultracentrifuge measurements showed (Tables I 
and 11) that the sedimentation constant increases continuously, and, fur¬ 
ther, at the same time the ultracentrifuge diagrams indicated that the 
polydispersity of the preparation also increases. An increase in the sedi- 
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mentation constant may be due to polymerisation or other structural re¬ 
arrangements of tiie molecule. 

In order to examine this question a molecular weight determination waa 
made on the 5 times recrystallized heparin Roche. Determination of the 
diffusion constant for this recrystallized heparin in the cell designed by 
Claesson (11) gave the value D A = 7.91 X 10 -7 sq. cm. per second. By 
inserting the values obtained for Sjo and D A in Svedberg’s formula for 
molecular weight, and by the use of the specific volume which has been 
obtained for commercial heparin (V = 0.50), we found an average molecu¬ 
lar weight of 16,600, which is in good agreement with the molecular weight 
determined by Gronwall et al. for heparin Vitrum. On the other hand, 
when the frictional ratio is calculated with the help of the formula (12), 

///. - 10 - 

the value 1.81 is obtained, while for the commercial heparin this factor is 
2.6 (3). 


Table 11 


Recrystallization of Heparin Vitrum according to Wolfrom el Al. 



Anticoagulant effect 

Metachromacy 
(Macintosh (10)) 

Sn 

Ester 

sulfate 

Measured 
as Ba salt 

Calculat¬ 
ed as Na 
salt 

Measured 
as Ba salt 

Calculat¬ 
ed as Na 
salt 


per cent 

per cent 

per cent 

per cent 


per cent 

Na salt 


100 


85 

2.0 

9.5 

Ba “ (from Na salt). . 

67 

82 

72 

89 

| 2.60 

9 0 

I, recrystallized 

44 

55 

63 

77 

j 2,62 


II, recrystallized.. 

33 

45 

66 

81 

2.71 

| 

JII, recrystallized. 

31 

38 

65 

80 


i 

IV, recrystallized . 

! 25 

33 

67 

82 


11.5 

V, recrystallized . 

21 

l__ 

26 

60 

74 

2.87 

. 


This decrease in frictional ratio means that the molecules have changed 
their shape or their hydration after the treatment with warm acetic acid. 
Depolymerization of the heparin molecules has not occurred (cf. Jorpes), 
but other changes in the structure of the molecules have obviously taken 
place. 

Qualitative differences also appear in the electrophoresis diagram. In 
the heparin Roche recrystallized five times, the two components mentioned 
above were again found, with the mobilities u„ «= 17.9 X 10“* and 
u; = 15.4 X 10~* close to the values for the initial material. We could 
calculate from the electrophoresis diagrams that the a component consti- 
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tilted 70 per cent and P made up 30 per cent of this preparation, while for 
the initial heparin Roche the ratio is 1:1. 

DISCUSSION 

The experiments are of particular interest because no agreement is 
found between different investigators (Charles and Todd (13); Jorpes (1)) 
as to whether heparin is to be regarded as a homogeneous substance or 
whether it consists of a mixture of related substances. Kuizenga and 
Spaulding (14) found that heparin from lung could be fractionated by 
means of precipitation with acetone into two distinct sodium salt fractions 
which exhibited different activities. Our experiments show that a similar 
fractionation of heparin is also possible by various other means. Commer¬ 
cial heparin obviously contains different substances with different proper¬ 
ties. 

As to the anticoagulant effect of heparin, the ester sulfate component 
does not play the only role. Jorpes (1) had assumed that the decrease in 
activity following recrystallization was due to depolymerization, basing 
his opinion on the fact that ester sulfuric acids of other high polymeric 
carbohydrates exert an anticoagulant effect. This effect was gradually 
lost when the molecules were depolymerized (15). From our experiments, 
we can state that the anticoagulant effect of heparin is distinctly more 
complicated, since no decrease in molecular weight or in ester sulfate content 
is observable, despite a strong decrease in the anticoagulant effect. As judged 
from the molecular weight determinations, heparin cannot be reckoned to 
belong to the very highly polymerized substances, and thus, direct com¬ 
parisons with the synthetic polysulfuric esters of carbohydrates are not 
justified. The latter, in spite of their higher polymeric nature, exhibit 
weaker anticoagulant activity. Therefore, it seems more likely that the 
amino nitrogen that is set free during recrystallization in warm acetic acid 
according to Wolfrom et al. (8, 9) plays a fundamental r61e in the antico¬ 
agulant effect of heparin. With regard to the changes in molecular struc¬ 
ture described above, w hich definitely take place parallel with the liberation 
of the amino groups, it appears unlikely that amino nitrogen is acetylated, 
as was previously assumed by Jorpes and Bergstrom (16). 

SUMMARY 

These investigations show that commercial heparin can be separated by 
means of electrophoresis and adsorption analysis into fractions with differ¬ 
ent anticoagulant properties. In the course of repeated recrystallization 
of heparin in warm acetic acid, according to Wolfrom et al. y the inactiva¬ 
tion of heparin is not associated with any depolymerization, which was as¬ 
sumed by previous authors. 
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PANTOTHENIC ACID STUDIES 
IV. PROPIONIC ACID AND 0-ALANINE UTILIZATION* 
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{From the Department of Chemistry , Oregon State College , Corvallis) 

(Received for publication, December 12, 1947) 

Wright and Skeggs (1) in a recent publication have investigated the in¬ 
hibitory effect of propionic acid on the growth of Escherichia coli. They 
observed that this inhibition could be reversed in large measure by small 
amounts of 0-alanine or pantothenic acid, and concluded from their studies 
that propionic acid operates to prevent the synthesis of 0-alanine by 
Escherichia coli . 

Although the above hypothesis appears attractive, it occurred to us that 
at least two other explanations had not been definitely eliminated; i.e., that 
propionic acid combines with 0-alanine, forming an inactive or possibly 
toxic peptide, or that propionic acid competes with 0-alanine for combina¬ 
tion within the cell (possibly to a specific enzyme), thus eventually prevent¬ 
ing coupling of the pantothenic acid moieties. These possibilities have 
been investigated in the present paper, and the evidence appears to favor 
the latter one. 


EXPERIMENTAL 

In order to study the effect of each pantothenic acid moiety upon propi¬ 
onic acid inhibition, two organisms were chosen in which the ability to 
synthesize the vitamin is more restricted than in Escherichia coli . These 
were Acetobacter suboxydans , which requires pantoic acid for growth, and 
Saccharomyces cerevisiae , strain LM (American Type Culture Collection 
No. 9371), which requires 0-alanine, 

The testing methods for yeast and acetic acid bacteria were the same as 
those reported in previous papers (2, 3). The media were adapted to the 
needs of the present study, so that the effect of propionic and other acids 
could be observed. Their compositions are shown in Table I. 

The sodium propionate solution was prepared by dissolving propionic 
acid in water and adjusting the pH to that of the medium used. Sodium 

* This work was supported by the National Institute of Health and the Nutrition 
Foundation, Inc. 

Published with the approval of the Monographs Publications Committee, Oregon 
State College, Research Paper No. 119, School of Science, Department of Chemistry. 

For the preceding paper in this series, see King, Locher, and Cheldelin, Arch . 
Biochem. t in press. 
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acetate solution was made similarly from the anhydrous salt. In order to 
avoid volatilization of fatty acids during steaming, the solutions were steri¬ 
lized by filtration and transferred aseptically to the test flasks or tubes 
immediately prior to inoculation with organisms. 

Propionyl-0-alanine was prepared by condensing propionyl chloride with 
0-alanine in a dilute sodium hydroxide solution. After acidification, the 
resulting mixture was evaporated in vacuo to dryness. The residue was 

Table I 
Basal Media 


Organism 

Acetobacter 1 Saccharomyces cerevisiae, 

Glycerol. 

Glucose... . 

Casein hydrolysate, vitamin-free... 

Noril-treated peptone. 

“ liver concentrate. . .. 

Tryptophan. 

Cystine.. 

Ammonium sulfate... 

Potassium dihydrogen phosphate... 

Salt Solutions 1 and 2 (4)*. 

" “ A and B(5). 

Inositol. 

Riboflavin, pyridoxine. 

Nicotinic acid, p-aminobenzoic acid 

Biotin. 

Folic acid. 

Thiamine. 

Water to. 

pH. 

* Bibliographic reference. 

exhaustively extracted with anhydrous petroleum ether in a Soxhlet ex¬ 
tractor. The propionyl-0-alanine was obtained as a light yellow sirup by 
extraction with dry ethyl ether. Calculated for C«Hn0 8 N, N 9.65 per cent, 
neutralization equivalent 145.6; found, N (micro-Kjeldahl) 9.50 per cent, 
neutralization equivalent 149. 

Propyl propionate was prepared by refluxing propyl alcohol and propionic 
acid in the presence of 10 per cent sulfuric acid. The ester was separated, 
dried, and redistilled three times, and the fraction boiling at 122-124° was 
collected. 


suooxyaans 


strain jlml 


1UU gm 

5 “ 

10 “ 

5 “ 

2 “ 

200 mg, 
150 “ 

0 
0 
0 

1 ml. 

0 

0 

200 y each 
0 
0 

100 7 
1 liter 
6.0 


each 


0 gm. 

20 " 

0 

0 

0 

0 

0 

3 “ 

2 “ 

1 ml. each 
0 

15 mg. 

200 7 each 
200 “ “ 

1 “ 

2 “ 

100 “ 

1 liter 
4.8-5.0 
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Results 

Table II shows the effects of sodium propionate and sodium acetate on 
the growth of yeast. Inhibition at low levels of / 3 -alanine was virtually 
complete in the presence of 1 mg. of propionate (0.0015 m), whereas acetate 
was much less potent. This is in keeping with Wright and Skeggs* obser¬ 
vations with Escherichia coli ( 1 ). At low levels of 0 -alanine, the ratio of 
propionate to 0 -alanine to produce 50 per cent inhibition was roughly 100:1; 
for complete inhibition, a ratio of about 10 , 000:1 was required. The ratio 
was not constant, since relatively more 0 -alanine was necessary to overcome 
increasing doses of propionate, and at higher levels of the latter compound 
growth could not be completely restored, even by 160 y of 0 -alanine. 


Table II 


Growth of Saccharomyce8 cerevisiae , Strain LM (No. 9871), in Presence of Sodium 
Propionate and Sodium Acetate 


0-Alanine 


— 

Sodium propionate 



Sodium acetate 



Molar concentration 






0 

| 0.0003 

0.002 

0.004 

0.006 

0.016 

0.032 

| 0.072 

0.016 

0.032 

| 0.072 

y 




Optical density, 2 

— log G 





0.0 

0.025 

! ! 

0.010 

0.005 

0.005 

0.015 

0.015 

0.000 

0.025 

0.025 

0.020 

0.2 

0.090 

i 

0.025 

0.025 

0.025 

0.025 

0.015 

0.000 

0.080 

0.070 

0.070 

0.5 

0.220 

0.050 

0.035 

0.030 

0.030 

0.030 

0.025 

0.000 

0.210 

0.220 

0.120 

1.0 

0.360 

0.155 

0.150 

0.075 

0.060 

0.065 

0.030 

0.000 

0.300 

0.260 

0.140 

2.0 

0.390 

0.280 

0.250 

0.165 

0.110 

0.080 

0.030 

0.000 

0.330 

0.330 

0.170 

5.0 

0.430 

0.350 

0.320 

0.270 

0.180 

0.120 

0.045 

0.000 

0.370 


0.230 

20.0 

0.430 

0.440 



0.280 

l 






160.0 

0.450 

0.450 



0.300 








Tubes containing 0.5 mg. of glutamic acid gave better growth, but this was 
considered to be due to the stimulating effect of the amino acid as previously 
reported ( 6 ), and presumably is not directly related to propionate. 

The methyl and propyl esters of propionic acid showed feeble inhibition, 
but propionyl- 0 -alanine stimulated growth slightly. Both effects may be 
dye to hydrolysis by the yeast, or possibly (in the latter case) to contami¬ 
nation with traces of 0 -alanine. The results are summarized in Table III. 

In other experiments (data not given), the reversing power of 0-alanine 
and pantothenic acid in yeast was compared to that of other vitamins in the 
presence of various levels of propionic acid. An increase of 2 - or 6 -fold in 
the concentrations of the vitamins present in the basal medium had no 
effect on propionate inhibition. 0.5 7 of pantothenic acid, on the other 
hand, completely reversed the effect of 0.25 mg. of propionate (0.00037 m). 
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The intact vitamin was thus about 40 times as effective as /8-alanine in this 
respect, whereas pantoic acid had no reversing power whatever, even in 
doses as large as 40 mg. per tube. It would appear, therefore, that the 
propionate effect is related to jS-alanine utilization, even though /3-alanine 
c ann ot completely overcome high levels of propionate. 


Table III 

Turbidimttric Response of Yeast Strain LM to Propionic Acid Esters and Propionyl - 
0-alanine in Presence of 0-Alanine 


-Alanine 

Methyl ester 

J Propyl ester 

! 

| 

Propionyl-0-alanine 


0 mg. | 5 mg. 

| 25 mg. 

| 0 mg. 

25 mg. 

| ° 7 

0.1 7 

10 7 

I 100 Y 

7 



Optical density 





0.0 

0.020 ! 0.010 

0.005 

0.040 

0.030 

0.040 

0.040 

0.050 

0.490 

0.2 | 

0.050 ! 0.050 

0.020 

0.105 

0.040 

0.115 

0.120 

0.130 

0.500 

2.0 

i 0.260 I 0.280 

0.100 

0.410 

0.040 

0.530 

0.500 

0.510 

0.520 

5.0 

| 0.360 ! 0.330 

; 0.200 

0.450 

0.100 

0.520 

0.510 

0.520 

i 

0.520 


Table TV 

Growth Response of Acelobacter suboxydans to Propionate in Presence of Pantoic 

Acid and 0-Alanine 


Pantoic ! 
acid 

Na propionate 

Propyl 

propionate 

Na propionate (0.048 m) -f 
5 7 pantoic acid 

0m 

| 0.012 m 

| 0.024 M 

| 0.048 M 

| 0.096 m 

0.048 M 

0-Alanine 

7 

Optical density 







i 

| mg. 


0.0 

0.030 

0.030 

0.030 

0.035 

0.030 

0.030 

0.1 

0.230 

0.5 

0.430 

0.340 

0.300 

0.150 ! 

0.060 

0.290 

0.2 

0.320 

1.0 

0.620 

0.570 

0.540 

0.200 l 

0.060 

0.440 

0.5 

0.420 

5.0 

0.630 

0.610 

0.540 

0.240 

0.060 

0.400 

1.0 

0.400 

15.0 




0.230 





45.0 




0.280 






The effects of sodium propionate on Acelobacter suboxydans are summa¬ 
rized in Table IV. This organism, like Escherichia coli (1), synthesizes 
/3-alanine, and, like the latter organism, requires much higher levels of 
propionate for inhibition than does yeast. Likewise, relatively large 
amounts of extra /8-alanine are needed to relieve the inhibition. It is again 
evident that pantoic acid has no effect on the inhibition, as was shown for 
yeast and for Escherichia coli (1). 

Adenine, which was found to potentiate propionate inhibition in 
Escherichia coli (1), had no effect upon yeast or Acelobacter suboxydans. 
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DISCUSSION 

Following the development of the Woods-Fildes theory of metabolite- 
antimetabolite relationships (7, 8), experiments of the type carried out by 
Harris and Kohn (9) and by Shive and Macow (10) with vitamin analogues 
as inhibitors have rather clearly established the principle that a growth 
factor which competitively counteracts a specific inhibitor can be replaced 
with greater effectiveness by other compounds which normally are formed 
from the growth factor. This is explained by assuming that the inhibitor 
retards only the enzyme system in which it competes, and that it is in¬ 
capable of entering into successive biosynthetic reactions in the cell. 
Viewed in reverse fashion, this concept has also been utilized (10, 11) to 
identify precursors of growth factors, against which specific inhibitors may 
be much more effective than against the growth factors themselves. Since 
propionate is far more effective against 0-alanine than against pantothenic 
acid, application of the above principle would indicate that propionate 
♦interferes with reactions which precede the utilization of the vitamin itself, 
such as the synthesis of 0-alanine or the two reactions proposed at the outset 
of this paper. 

The first alternative mechanism proposed to explain propionate inhi¬ 
bition, namely that 0-alanine combines with propionic acid, now seems im¬ 
probable, however, inasmuch as 0-alanine is incapable of completely revers¬ 
ing higher levels of propionate. Moreover, the great superiority of 
pantothenic acid over 0-alanine in reversing the inhibition makes such an 
explanation seem doubtful, as does the fact that propionate is several 
hundred times as effective an inhibitor as acetate, and is correspondingly 
more easily counteracted by 0-alanine. The obviously closer structural 
relationship between propionic acid and 0-alanine has been pointed out (1). 

The final question of whether propionate inhibits 0-alanine utilization 
directly can be answered by the experiments with yeast. Since this organ¬ 
ism cannot synthesize the nutrilite, it should be relatively insensitive to 
propionate if the latter were merely capable of blocking 0-alanine synthesis 
(1). The observed great sensitivity to propionate and the ready reversal 
by 0-alanine, on the other hand, indicate that the utilization of 0-alanine is 
impaired by this inhibitor. Such impairment, it would seem, could be 
brought about only by (a) either the combination of propionate with pantoic 
acid or (6) the combination of propionate with some other cellular con¬ 
stituent, thus resulting in the failure of 0-alanine to become similarly com¬ 
bined. Since it has already been shown that propionate does not combine 
with pantoic acid, the last mechanism appears to be the most likely one. 

In a previous publication dealing with the effects of various inhibitors 
related to pantoic acid and pantothenic acid (12), it was suggested that 
pantoic acid is attached to cellular enzymes through one or both of its 



278 


PANTOTHENIC ACID STUDIES. IV 


hydroxyl groups. This suggestion is in line with the observation by Lip- 
mann and coworkers (13) that the bulk of the vitamin is in bound form, and 
that it may be released in large degrees by digestion with a phosphodiester¬ 
ase. The hydroxyl groups of pantothenic acid appear to be logical points 
for phosphate attachment. 

In an attempt to understand the manner in which /3-alanine becomes 
attached to pantoic acid in these organisms, the growth-promoting activity 
of /8-alanine in low concentrations and the ease with which it reverses 
propionate inhibition appear important. Both of these observations sug¬ 
gest that this nutrilite is also attached to an enzyme, although the competi¬ 
tive behavior of propionate points to a weak attachment. Moreover, the 
eventual coupling of /3-alanine to pantoic acid would require any previously 
formed /8-alanine-protein complex to be easily dissociated. In this scheme, 
the protein itself would thus serve as a catalyst , bringing about the coupling 
of the pantothenic acid moieties. 

Although the above scheme is speculative, it accounts satisfactorily for 
all of the recorded observations regarding the formation and utilization of 
pantothenic acid which have come to our attention. The superiority of 
pantothenic acid over /8-alanine in reversing growth inhibition (not only by 
propionate but also by glutamic acid and other amino acids (6,14) is easily 
explained, if it is assumed that these compete with /8-alanine for attaclunent 
to the protein, as explained above. Such competition would, of course, be 
impossible wherever pantothenic acid serves as the growth promoter. 

The authors wish to acknowledge the technical assistance of Ruth S. 
Langdon. 


SUMMARY 

The inhibition of the growth of yeast and Acetobacter mboxydans by 
propionate has been observed, and the relation of /8-alanine to this inhibition 
has been studied. 

From the results obtained, it appears that propionate inhibits growth by 
competing with /8-alanine for attachment within the yeast cell, thereby 
preventing the coupling of the pantothenic acid moieties. 

The preparation of propionyl-/8-alanine is described. 
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THE SYNTHESIS OF BACTERIAL VIRUSES* 
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Department of Physiological Chemistry , School of Medicine , 

University of Pennsylvania , Philadelphia) 

(Received for publication, August 28, 1947) 

The T 2 r+ and T 4 r + viruses are tadpole-shaped bacteriophages (1, 2) whose 
biological properties and relations to other bacteriophages have been re¬ 
viewed by Delbruck (3). The viruses have been isolated by differential 
centrifugation from bacterial lysates (2, 4, 5) and some chemical and physi¬ 
cal properties of the concentrates have been studied (6-8). 

About 40 per cent of desoxyribonucleic acid (DNA) has been found in 
preparations of the viruses (4, 7) and a salt of polymeric DNA has been iso¬ 
lated from active or irradiated T 2 r+ and T 4 r+ in high yield (9). Taylor has 
claimed that ribonucleic acid (RNA) is also present in variable amounts in 
T 2 r + (7). This report has been analyzed elsewhere (9). We have been 
unable to find evidence for the existence of RNA in preparations of T 2 r+ and 
T 4 r + ; at least 99 per cent of the P content of the viruses can be accounted 
for as DNA (4, 5, 9). The data in this and the following study (6) show 
that cells infected with T 2 r+ do not appear to synthesize or metabolize RNA, 
despite a rapid synthesis of DNA in these cells. It appears unlikely, there¬ 
fore, that RNA is a constituent of either virus. 

It has been observed in the Escherichia coli- T 2 systems that (1) the normal 
host cells synthesized far more RNA than DNA (7), (2) the virus contained 
large amounts of DNA and no RNA, and (3) during the multiplication of 
the virus, bacterial multiplication was inhibited without affecting the rate of 
0 2 consumption or the r.q. of the bacteria (4). The following questions 
were posed: (1) Which, if any, of the nucleic acids was synthesized after 
infection? (2) What happened to phosphorus and nitrogen assimilation 
during infection? 


Materials and Methods 

In the bacteriophage systems, independent host cells may be simultane¬ 
ously infected with several virus particles. Large numbers of infected host 
cells may thereby be studied, all in approximately the same phase of virus 

* The work described in this paper was assisted by the Office of Naval Research. 
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production. The multiple infection technique provides a method of study 
of a single generation of virus multiplication. 

The r+ Factor —According to Hershey (10) and Doermann (personal com¬ 
munication) these viruses possess the hereditary property termed r + which 
affects lysis as follows: In a dilute suspension of infected cells, essentially 
maximal liberation occurs in about 30 to 40 minutes. In a concentrated 
suspension, the first small percentage of infected cells that lyse liberate r + 
virus particles which are rapidly readsorbed to the other non-lysed cells. 
The adsorption of r+ virus to a cell which already has r + virus within it in¬ 
hibits the lysis of the cell for 00 to 90 minutes more, permitting continuing 
virus multiplication within the lysis-inhibited cell. The phenomenon is of 
assistance technically, because larger amounts of new substance can accu¬ 
mulate in the extended period of multiplication within the host. The r+ 
characteristic may be lost by spontaneous mutation to produce an r virus 
which is not lysis-inhibitory. 

Preparation of Virus —The purification of Tjr* from lysates in the am¬ 
monium lactate medium (F) and nutrient broth (N) by differential centrifu¬ 
gation has been described (4). Most virus concentrates used in this study, 
whether derived from F or N, i.e . T 2 -F or TrN, were purified by the differ¬ 
ential centrifugation procedure from lysates resulting from a single genera¬ 
tion of virus production under conditions of multiple infection (5). Varia¬ 
tions in the preparation of infecting virus did not appear to affect the course 
of the phenomena described below. Virus concentrates were suspended in 
0.85 per cent NaCl. Their assay has been described (8). 

Preparation of Ultraviolet-Irradiated Virus —Purified virus concentrates 
in 0.85 per cent NaCl were irradiated in the apparatus described and kindly 
loaned by Dr. W. Henle of this Hospital (11). The agitated virus solution 
was kept 2 inches from the lamp for 20 to 30 second periods to reduce the 
titer of active virus by a factor of 10* to 10 6 . 

Preparation of Normal and Infected Bacteria —The growth, assay, and 
turbidimetric standardization of the bacteria*, Escherichia coli B, from F 
medium and broth (N) have been described (8,12). In aerated F and N at 
37°, the division times in the logarithmic phase were 60 and close to 30 
minutes, respectively. In most experiments, the concentration of bacteria 
was about 2 X 10* per cc.; in studies involving protein synthesis, bacteria 
were grown to a concentration of 2 X 10 8 per cc., centrifuged, and resus¬ 
pended at a concentration of 10 9 per cc. At the desired bacterial concen¬ 
trations, virus was added to produce multiple infection; i.e., three to five 
virus particles per cell. Infected cultures were vigorously aerated. The 
experiments were done in F medium unless otherwise stated. 

Analysis —Aliquots of the cultures were precipitated by the addition of 
50 per cent trichloroacetic acid (TCA) to give a final TCA concentration of 
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5 per cent. The mixture was chilled 15 to 30 minutes and centrifuged 10 
minutes at 4000 r.p.m. The supernatant fluids were poured off and the 
tubes were drained. Two additional washings with cold 5 per cent TCA 
were used if the end-product was to be analyzed for phosphorus or nitrogen. 

Phosphorus was determined by the King procedure (13). Nitrogen was 
estimated by the micro-Kjeldahl method, with a 1 hour digestion in a 
H*SO«-KjS 04 mixture with CuSO* catalyst. 2 drops of 30 per cent 
HiOs were then added and the digestion was continued for 1 hour. 

DNA was determined on-the drained sediments by the diphenylamine 
procedure (14) in Klett colorimeter tubes. With bacterial substance corre¬ 
sponding to 1 to 2 X 10‘ bacteria, the heated mixtures gave colorimeter 
readings with a No. 540 filter of about 20 before infection to > 100 near the 
end of virus synthesis. The values of DNA are given in terms of free acid, 
since the standard sample of the neutralized DNA was standardized by its 
P content, the free acid (DNA) being considered to have 10.0 per cent P. 
The theoretical P content of a polymeric DNA consisting of repeated tetra- 
nucleotides is 9.97 per cent. 

Pentose was determined by the Mejbaum modification of the Bial reac¬ 
tion (15) on TCA precipitates. The pentose in pyrimidine nucleotides is 
not estimated by this procedure. The standard for these estimations was 
D-ribose and the color was read in a Klett-Summerson photoelectric colorim¬ 
eter with a No. 660 filter. Determinations on unsedimented samples rich 
in lactate developed green colors slightly modified by brown; nevertheless 
the relative constancy of these values indicated that pentose, including any 
non-RNA pentose, did not accumulate. The absence of a change in pentose 
during synthesis is considered to signify the constancy of RNA. The 
RNA content of Escherichia colt B was about 3 times the DNA con¬ 
tent (7). 

Substances —The preparation of DNA has been described (8). D-Ribose 
had been prepared by the late Dr. P. A. Levene of the Rockefeller Institute. 
5-Methyltryptophan was generously supplied by the Winthrop Chemical 
Company. Farenamine is an acid hydrolysate of casein, supplemented by 
tryptophan, and was obtained from Frederick Steams and Company. It 
was neutralized before use. L-Glutamic acid was a Merck product. 

EXPERIMENTAL 

Synthesis of DNA in Infected. Cells —A bacterial culture (200 cc. at 3.5 X 
10 s cells per cc.) was divided into two portions, to one of which was added 
0.32 cc. of a T*r+ concentrate with a titer of 3.1 X 10 u per cc. The turbidi¬ 
ties and the virus and bacterial contents of the suspensions were determined; 
DNA was estimated in 8 cc. aliquots. The data on this experiment are pre¬ 
sented in Fig. 1. 
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In the uninfected culture the viable bacterial count, turbidity, and DNA 
increased exponentially for 3 hours. In other experiments of this type, the 
slope of the log turbidity-time curve was frequently less than that of the log 
viable count-time curve, indicating a decrease of the size of individual bac¬ 
teria during this period. In the infected culture, the count of bacteria 
capable of forming colonies fell to a very small value as virus was adsorbed. 
The number of infectious centers fell to the level of infected bacteria, i.e. to 
about one-third of the original virus added, and remained constant for a 



Fia. I. Desoxyribonucleic acid (DNA) synthesis in normal and T 2 r + -infected 
Escherichia coli B in F medium. The ordinate represents 10® bacteria or virus par¬ 
ticles per cc., 0.01 mg. of DNA, or 10 units of turbidity. 

period. At 2 hours, virus appeared, becoming maximal at 5 hours (5). 
Despite the liberation of virus concomitant with the lysis of the host, tur¬ 
bidity remained roughly constant. A possible explanation appears to be 
that lysis of r+ virus-infected cells, under the conditions given, begins with¬ 
out considerable fragmentation and, proteolysis being relatively weak, large 
fragments of cellular debris remain for many hours and scatter light. 

In the uninfected culture the turbidity and DNA almost doubled in the 
1 st hour. In the infected culture, during the same time period, there was no 
significant increase in turbidity, since only a few per cent of bacteria were 
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lysed, but the DNA content had more than tripled. The rate of DNA 
synthesis per infected cell in the 1st hour of the experiment was about 4 
times that of normal dividing cells. Therefore, despite the inhibition of 
bacterial multiplication, the synthesis of this virus constituent was mark¬ 
edly increased. It will be shown in Paper II that much of this newly 
synthesized DNA can be isolated in the virus (5). 

Effect of 6-Methyltryptophan on Nucleic Acid Synthesis —5-Methyltrypto- 
phan (5-MT) will inhibit T s or T< multiplication in this system without any 
effect on 0* consumption (16). , The compound is inhibitory because of its 
competition with tryptophan at sites of protein synthesis (17). The inhibi¬ 
tory effect of 5-MT on virus synthesis is completely reversible on addition 
of tryptophan (18). 

At low bacterial concentration, 5 X 10 -4 m 5-MT in F medium was in¬ 
variably inhibitory in the absence of added tryptophan. At about 2 X 10 s 
bacteria per cc., the effect of 5-MT was more variable. Virus multiplica¬ 
tion after infection in the presence of 5-MT was inhibited for only 1 to 3 
hours. Furthermore, interruption of virus synthesis after it had begun was 
not always successful at these concentrations, and, when it occurred, seldom 
lasted more than § hour. Nevertheless, since 5-MT was a specific antime¬ 
tabolite for an essential protein constituent, it was of interest to determine 
whether the inhibition of protein synthesis affected DNA synthesis. It was 
found that bacteria infected with T 2 in the presence of 5-MT were incapable 
of synthesizing protein-bound DNA for several hours. A typical experi¬ 
ment is given in the following section. 

Absence of Synthesis of RNA in Infected Cells —Both DNA and RNA were 
followed in infected cells in the presence and absence of 5-MT. 1 minute 
before addition of virus 10 cc. of 5 X 10 -3 m 5-MT in F medium were added 
to a 100 cc. aliquot of a bacterial culture. After infection, the turbidities 
were determined as well as the DNA and pentose contents of the TCA pre¬ 
cipitates. The results are given in Fig. 2. 

In normal cells, RNA was synthesized at a rapid rate (see pentose in Fig. 
3). However, throughout infection RNA was constant, in contrast to the 
stimulated synthesis of DNA. RNA was not synthesized in 5-MT-treated 
infected cells, even when there was inhibition of both virus multiplication 
and DNA synthesis. 

Nucleic Add Synthesis in Cells Treated with Ultraviolet-Inactivated Virus — 
Ultraviolet-irradiated virus inhibited bacterial multiplication without 
change in the rate of 0 2 consumption or r.q., although virus was not being 
synthesized (4). It was of interest to know whether nucleic acid was syn¬ 
thesized under these conditions. To one of three aliquots of a bacterial 
culture was added a T s concentrate containing 5.6 X 10 1# active virus per 
cc. To (mother was added the same amount of previously irradiated concen- 
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trate (active virus content of 10* per cc.). The data on the turbidity, 
DNA, and total pentose contents of the cultures are presented in Fig. 3. 
Aliquots of 8 and 2 ce. were used for the DNA and pentose determinations 
respectively. 


%c 



Fig. 2. DNA and pentose synthesis in Tjr + -infected Escherichia coli B in F medium 
in the absence and presence of 5 X 10 -4 m 5-methyl tryptophan. 



Fig. 3. DNA synthesis in a normal bacterial culture and in bacteria treated with 
active or irradiated Tir + . 

In the normal bacteria, turbidity, DNA, and RNA increased throughout 
the experiment. In the bacteria infected with active virus, DNA increased 
markedly, while pentose remained low. In bacteria treated with irradiated 
virus, DNA synthesis was completely inhibited over a 2 hour period, during 
which time total pentose increasd slightly. The nature of the late DNA 
increment in this experiment with irradiated virus is not understood. 
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Phosphorus Assimilation and DNA Synthesisr- Phosphate assimilation 
in the protein-bound phosphate fraction in normal and infected bacteria 
was examined to see whether phosphorus-containing compounds besides 
DNA were being synthesized. Infected and normal cultures at 2 X 10* 
bacteria and 10 9 T 2 per cc. were incubated for 2 hours. In this interval the 
turbidity of the infected culture increased only 10 per cent. The DNA, 
nitrogen, and phosphorus contents of protein-bound constituents are pre¬ 
sented in Table I. 

In the normal bacteria, one-quarter of the protein-bound phosphorus was 
DNA-P; the remainder was for the most part RNA-P, but also included 
small amounts of phospholipides (7). As the bacteria approached the end 
of their logarithmic phase after 2 hours, a slight decrease was observed in the 
proportion of phosphorus appearing in DNA. Nevertheless, the molar 


Table I 

Synthesis in Normal and Ti-lnfected Escherichia coli B 


Culture 

N per 50 cc. 

P per 50 cc 

DNA per 50 cc. 

DNA-P 
Total P 

Molar ratios, 
N;P 


w. 

mg. 

mg. 



H at 0 hr. 

0.333 

0.0602 

0.164 

0.26 

12.2 

“ “ 2 hrs. 

1.229 

0.2219 

0.422 

0.19 

12.2 

Bj — Bo 

; 0.896 

0.1617 

0.268 ! 

0.17 

12.2 

B-To at 0 hr. 

1* 0.307 

0.0686 

0.179 i 



“ “ 2 hrs. ! 

! 0.430 

0.1053 

0.645 ! 



(B-T,), - (B-T.) 0 | 

0.123 

0.0368 

1 

0.366 j 

0.99 

7.38 


N:P ratio was essentially unchanged in the culture throughout this period. 
Grossly, then, normal bacteria synthesized normal bacterial constituents in 
nearly the same proportions in which they were originally present. 

In infected bacteria, the increments of nitrogen and phosphorus were far 
less than in the normal dividing bacteria. However, the amount of DNA 
formed in infected cells was greater than that formed in 2 hours in the 
normal culture. The DNA in infected cells almost exactly accounted for 
the phosphorus assimilated by those cells. 

In this experiment the N:P ratio of the increment in the infected cells 
was 7.4, in contrast to 12.2 for normal cells. The former figure is the ratio 
characteristic of T 2 r+ which has been found to be 7.2 to 7.6 when isolated 
from F or N lysates. Thus the material synthesized in infected cells in a 
2 hour interval had the N:P and DNA-P:P ratio characteristic of T*r+ 
bacteriophage. 

Rales of DNA and Protein Synthesis —It appeared that virus-infected cells 
synthesized virus or virus components alone, in contrast to normal bacteria 
which synthesized several types of substances, such as nucleic acid, proteins, 
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and enzymes. Studies were undertaken to determine whether exponential 
increase of these constituents or some other types of growth curve character¬ 
ize virus reproduction in infected cells. The former, as described in Fig. 1, 
is characteristic of DNA in cells in a normal culture under the conditions 
employed. 

Synthesis was first studied in the normal period of virus synthesis, the non- 
lysis-inhibited period. In a typical experiment, bacteria were concentrated 
by centrifugation and resuspended in F medium. After infection with five 
virus particles per cell aliquots for total N and DNA analyses were removed 
at 5 minute intervals. The DNA increments were converted to nucleic 
acid N by multiplying by the factor 0.169. Protein N was considered to be 



Fig. 4. DNA and protein synthesis in Escherichia colt B infected with T*r + virus 
before the onset of lysis inhibition. The ordinate presents increments over initial 
values. 

total N minus DNA-N. The increments of both protein N and DNA-N 
are presented in Fig. 4. The following points were observed: (1) The curves 
of synthesis of DNA and protein in infected cells were linear and not expo¬ 
nential; (2) protein synthesis started at the beginning of infection; (3) the 
increment in DNA appeared from 7 to 10 minutes after protein synthesis 
began; (4) if the increment in DNA were converted to an increment in P, the 
ratio of the rates of increment of N to P in the experiment in Fig. 4 was 
found to be 12.4, the value for normal bacteria. 

The most active concentrate of T 2 studied had 1.6 X 10° infectious units 
per microgram of DNA. In five experiments, DNA increments of 2.2 to 
2.6 7 were obtained by 2 X 10 8 cells in 25 minutes, yielding an equivalent 
of seventeen to twenty T 2 particles per cell in that interval. Since our most 
active T 2 preparation probably contained some inactive virus, this repre¬ 
sents a minimal figure. Nevertheless, this agrees with the amount of T* 
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liberated from Escherichia coli B in F medium; i.e., about twenty virus par¬ 
ticles per cell (18). 

In four experiments of this type the following ratios of the rates of incre¬ 
ment of N to P were obtained: 13.2,12.6,11.7, and 12.4. Therefore, in the 
non-lysis-inhibited system, i.e. before 30 minutes, the ratio of the rates of 
utilization of N and P was approximately the same as in the normal cells. 
However, in four of five experiments in which these rates were determined 
over a 2 hour period in infected cells, it was observed that the rate of protein 
synthesis was sharply reduced between 30 and 60 minutes, while the rate of 
DNA synthesis was unchanged, as in Fig. 5. This effect was possibly due 
to lysis inhibition appearing soon after the first liberation of and readsorp¬ 
tion of r+ virus. Thus, after 30 minutes, the ratio of N to P continually de- 


*/cc. 



Fig. 6 . DNA and protein synthesis in Tjr + -infected Escherichia coli B before and 
after establishment of lysis inhibition. 

creased until it approached that of virus. At this point, occurring at about 
2 hours, synthesis of DNA abruptly stopped. At this time virus began to 
appear and a rapid decrease in TCA-precipitable N ensued, indicative of 
proteolysis accompanying bacteriolysis. 

Inhibition of Protein Synthesis by Irradiated Virus —Ultraviolet irradia¬ 
tion reduced the activity of T 2 by a factor of 8.5 X 10 4 . Fully active T* 
or irradiated virus was added to bacterial cultures concentrated to 10 9 per 
cc. . Aliquots were removed for N and DNA analysis at 0 and 120 minutes. 
Data on the N and DNA increments after 2 hours are presented in Table II. 
In the bacteria infected with active T 2 , synthesis of DNA and protein oc¬ 
curred in the ratio approximating that of virus. On the other hand, the 
bacteria which adsorbed ultraviolet-inactivated virus did not increase their 
protein-bound N content after a 2 hour interval. 

Initiation of DNA Synthesis—It has been demonstrated that DNA does 
not increase for 7 to 10 minutes after infection. Four lines of evidence sug- 
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gest that this represented the time necessary for the synthesis of virus pep¬ 
tides as a prerequisite for DNA synthesis. (1) Protein was synthesized 
from the beginning of infection. That this was indeed virus protein was 
suggested by the viral ratio of N to P at the end of the lysis-inhibited multi¬ 
plication. (2) DNA synthesis stopped when the excess of protein was 
markedly depleted as the final ratio approached that of virus. (3) 5-Meth- 

Table II 

Inhibitim of Protein Synthesis by Irradiated Virus x 

Culture 

B-T* 

Increment 

B-irradiated T a 

K II 

Increment 

jrowycc 

40 


30 


AO 


10 


MRS. 1 A 3 4 

Fig. 6. DNA synthesis in Escherichia coli B of the same origin infected in different 
media by Tjr + . The ordinate presents increments over initial values. 

yltryptophan prevented protein synthesis and thereby prevented DNA 
synthesis. (4) It was possible to reduce the time for the beginning of DNA 
synthesis and increase the rate of DNA synthesis by increasing the rate of 
peptide synthesis. This was most clearly demonstrated by the following 
method. Escherichia coli B was grown in broth, instead of in F medium. 
When this organism was transferred to F medium and washed in F, its 
synthetic abilities were much slower than F-grown or ganisms Under these 



Time j 

DNA-P per cc. 

bJC'^c. MoUr ratio, N:P 

hrs. 

7 

7 ! 

0 

1.45 

1 , 40.2 

2 

6.00 

i 56.6 

1 

4.55 

16.3 • 7.80 

0 i 

1.56 

40.4 ; 

2 . 

1.96 

■ 40.4 

t 

1 

0.40 

0.0 
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conditions, infection in F medium resulted in an extended latent period of 
virus synthesis and DNA synthesis, with a low yield of virus, as compared 
to these functions in broth (19). 

Bacteria were grown in broth to 1.5 X 10 8 per cc., centrifuged, and 
washed twice with F medium. The washed bacteria were suspended at 
their original concentration in broth, F, F + casein hydrolysate (1 mg. 
per cc.), or in F + glutamic acid at 200 y percc., respectively, and infected 
with T 2 . From the DNA analyses presented in Fig. 6, it may be seen that 
the nutrient broth and amino acid-fortified F medium markedly stimulated 
DNA synthesis. Some of the difference in the rate of virus and DNA 
synthesis in these two media can be reduced by further supplementation 
with purines and pyrimidines (19). Glutamic acid was the most active 
single amino acid supplement. However, a mixture of amino acids was 
more efficacious in stimulating virus synthesis and DNA synthesis. 

Finally, a complete medium has been developed which supported a rate 
and amount of vims multiplication closely approximating that in nutrient 
tooth (19). Omission of any one of eight amino acids from the complete 
defined medium consisting of F, L-amino acids, purines, and pyrimidines 
resulted in an extended latent period of DNA synthesis. This procedure 
lias been used to detect nutritional requirements for virus multiplication 
( 12 ). 


DISCUSSION 

After infection, phosphate was apparently channeled into the formation 
of only that nucleic acid characteristic of vims, namely DNA. The site of 
the shunt in the pathways of nucleic acid synthesis producing this effect is 
clearly of utmost importance in understanding the precise nature of the 
parasitic process in this system. If ribose-5-phosphate was the precursor 
to both ribose-3-phosphate of RNA and desoxyribose phosphate of DNA, 
it is conceivable that inhibition of the formation of the ribose-3-phosphate 
could result in the increased formation of desoxyribose phosphate. Fur¬ 
thermore, since RNA is a common constituent of cellular structures such as 
mitochondria and microsomes, which are the sites of numerous enzymes, 
the inhibition of the formation of one element (RNA) of these complex 
structures may prevent the synthesis of the remaining components. 

In infected cells, the rates of synthesis of protein and DNA were constant 
regardless of the number of vims particles formed within the cell. It would 
therefore appear that the vims does not contain the enzymes for DNA or 
protein synthesis and that new enzymes have not been synthesized or, if 
synthesized, were not being used for virus synthesis. Thus the metabolic 
equipment which synthesizes the most complex virus components are the 
enzymes of Escherichia coli B, presumably according to the new models 
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supplied by the infecting virus particles. That this maimer of virus synthe¬ 
sis may be general is supported by the fact of the intracellular character of 
virus multiplication and the data on the composition of various viruses 
infecting plants, animals, and bacteria, indicating limited structural and 
enzymatic equipment in these parasites (4, 9). 

A constant rate of synthesis in itself may merely indicate some limiting 
factor in the duplication process and does not eliminate the possibility of a 
“doubling” process. The limiting factor may be of the character of limita¬ 
tion of substrate, energy supply, or enzyme sites or combination of these. 
Regardless of the reason for the constant rate, three types of evidence sug¬ 
gest that the curve of the synthesis of protein-bound DNA is indeed a 
measure of the rate of virus synthesis. (1) Luria and Latarjet have shown 
that a single hit ultraviolet inactivation curve is obtained for singly infected 
cells for the first 7 minutes after infection (20). After this time, which 
coincides closely with the beginning of an increase in DNA, there occurs a 
slight deformation in the curve which they interpret as “probably an indica¬ 
tion that some multiplication has started by this time.” (2) The amount of 
DNA synthesized by infected bacteria in F medium in 25 minutes approxi¬ 
mates the amount contained in the virus liberated from the bacteria at about 
this time. Similar correlations have been found for Escherichia coli- T 2 in 
other media (12). (3) The data of Doermann (personal communication) 
indicate that, in lysis-inhibited systems of varying latent periods, the burst 
size is roughly proportional to the length of the latent period. This suggests 
linear virus synthesis during these periods. His data are consistent with 
the continued linear synthesis of DNA during lysis inhibition noted above. 

The methods described in this paper have strongly suggested that (1) 
virus is synthesized from the components of the medium assimilated after 
infection, and (2) RNA is not synthesized in infected cells. Since by the 
methods described the possible turnover in compounds such as RNA cannot 
be measured, isotope techniques were employed to confirm these conclu¬ 
sions. Studies with radioactive phosphorus are presented in Paper II (5). 

SUMMARY 

1. The synthesis of nucleic acid and protein has been studied in T 2 bac¬ 
teriophage-infected Escherichia coli B in simple medium, F. Ultraviolet- 
irradiated T 2 inhibited the synthesis of these components, in contrast to the 
action of active virus. 

2. In infected cells, only the nucleic acid found in T 2 , DNA, was synthe¬ 
sized in contrast to normal cells which synthesized about 3 times as much 
RNA as DNA. In infected cells, essentially all the phosphorus going to 
form protein-bound constituents appears in DNA. 

3. 5-Methyltryptophan inhibited DNA synthesis in infected cells. 
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4. In infected cells, protein and DNA were synthesized at a constant rate 
in the period of normal virus multiplication, prior to the establishment of 
lysis inhibition. Protein synthesis was apparent from the beginning of 
infection; DNA began 7 to 10 minutes later. The ratio of the rates of incre¬ 
ment of N and P utilization was similar to that of normal cells. 

5. The rate of protein synthesis decreased during the period of lysis in¬ 
hibition in most of the experiments. At the onset of the final lysis, the 
ratio of the increments in N and P approached that of virus. 

6. The length of the period of onset of DNA synthesis was determined by 
the rate of synthesis of virus peptides. 

7. Some aspects of these phenomena have been discussed. 
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It has been shown that Escherichia coli B infected by T» bacteriophage in 
a synthetic medium, F, synthesizes protein-bound constituents containing 
phosphorus and nitrogen at a constant rate (1). Evidence was presented 
that suggests that the virus-infected cell synthesizes virus constituents 
solely. This was most clearly indicated in the phosphorus metabolism, 
since the only phosphorylated protein-bound constituent synthesized in the 
infected cell was that characteristic of virus; i.e., desoxyribonucleic acid 
(DNA). The ribonucleic acid (RNA) content of infected cells did not 
increase. 

Although the data presented suggested that the materials formed during 
infection were derived from the medium as in normal cells, it had not been 
proved that the nucleic acid phosphorus found in virus was not derived from 
cellular substance existing prior to infection, or had not been in normal host 
constituents during infection prior to appearance in virus. It seemed un¬ 
likely that the virus nucleic acid was derived from the host DNA, since sev¬ 
eral times more DNA was synthesized after infection than was originally 
present. However, it was possible that the RNA of the infected cell pos¬ 
sessed an active turnover yielding its phosphorus to DNA nucleotides, while 
the RNA was continually replaced with nucleotides whose phosphorus was 
derived from the medium. 

Two basic problems were therefore posed. (1) Was the DNA-P of virus 
derived from the phosphorus in the host prior to infection? (2) Was RNA 
a precursor of DNA? These hypotheses were tested by means of radio¬ 
active phosphorus, P ,J . 


EXPERIMENTAL 

Conditions for Optimal Virus Yield —A single generation of virus multipli- 
cation was studied under conditions of multiple infection. The possibility 
was therefore eliminated that the generations of virus produced after the 
first generation in a medium of known composition would be affected by the 

* The work described in this paper was aided by the Office of Naval Research. 
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appreciable amounts of complex products, radioactive and otherwise, liber¬ 
ated by lysed cells. Some of the chemical phenomena and basic biological 
aspects of this system have been described in Paper I (1). 

The yield of virus from infected cells under conditions of multiple infec¬ 
tion in the aerated F medium at 37° was studied at concentrations of 5 X 
10 7 , 10 8 , 2 X 10 8 , and 5 X 10 8 bacteria per cc. It was found that with both 
T 2 and T 4 maximal titers were obtained with 2 X 10 8 bacteria per cc. in 
about 4 to 6 hours. After this time, titers generally decreased markedly, 
and to a greater extent in T 2 lysates than in T 4 lysates. This was due 
probably to a combination of several factors, readsorption to cellular debris, 
spontaneous thermal inactivation, surface denaturation, etc. In view of 
this marked loss of titer, it was considered desirable to prepare virus lysates 
by a single generation in infected cells for a 6 hour period, to minimize the 
destruction of virus activity. 

Distribution of DNA and Protein-Bound P in T\ and T 4 Lysates —Two 
types of experiments were done. (1) Bacteria were grown in media contain¬ 
ing radioactive P, washed several times, and infected in media containing 
non-radioactive P; (2) bacteria were grown in media free of F 2 and in¬ 
fected in the presence of P 32 . 

The following typical control experiments were performed to indicate 
whether ( 1 ) the experimental conditions employed would permit the isola¬ 
tion of sufficient virus for analytical purposes, ( 2 ) virus isolated by these 
procedures would be very low in inorganic P and otherwise possess the 
proper chemical properties, (3) the newly synthesized DNA appeared in the 
virus fraction. Bacteria were grown to 2 X 10 8 per cc. in F medium. Two 
125 cc. aliquots were sedimented and the bacteria washed twice with 0.85 
per cent NaCl. Each aliquot was resuspended in 125 cc. portions of F me¬ 
dium to which were added an adsorption cofactor, 12 cc. of 5 X 10 ~ 8 m tryp¬ 
tophan in F (2). To these bacterial suspensions (A and C) were added 
small volumes of purified concentrates of T 4 r+-F and T 2 r + -F to give cultures 
T 4 A and T 2 C containing 6 X 10 8 virus particles per cc. The virus concen¬ 
trates were also added to unwashed bacterial cultures (B and D) in F me¬ 
dium at the same concentrations to yield T 4 B and T 2 D; B contained 5 X 
10~ 4 m tryptophan. The four infected cultures were assayed periodically; 
the titers followed the course described previously. 

After 5 hours at 37°, the T 2 and T 4 lysates were stored for 13 hours at 4°. 
Very little inactivation occurred; the final titers were T 4 A 2.0 X 10 10 , 
T4B 4.0 X 10 10 , T 2 C 1.5 X 10 10 , T 2 D 1.5 X 10 10 active virus particles per 
cc. The lysates were analyzed for total protein-bound P and DNA ( 1 ). 
They were sedimented at 4000 r.p.m. for 30 minutes and the sediments were 
washed twice with cold 0.85 per cent NaCl. The supernatant fluids were 
sedimented at 10,000 r.p.m. for 2 hours, and the supernatant fluids from 
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this high speed centrifugation, containing more than 5 per cent of the 
activity of the lysate, were analyzed for protein-bound P and DNA. Virus 
was isolated from the high speed sediments as described previously (3, 4). 
The distribution of these substances in the four lysates is given in Table I. 

It may be seen that the largest amounts of DNA and P appear in the 
virus-containing fraction; i.e., the high speed sediment. When this fraction 
was resuspended in 5 cc. of 0.85 per cent NaCl and centrifuged at 4000 
r.p.m. for 30 minutes, approximately 25 per cent of the DNA of the fraction 
had become insoluble. After dialysis of this supernatant fluid against 
running water overnight, the” once sedimented virus concentrate had 
DNA-P to total P ratios which were very close to 1 . 0 . These values for 
isolated dialyzed virus after one differential centrifugation cycle were 


Table 1 


Distribution of Protein-Bound P and DN A in Lysates of Infected Bacteria 


Virus lysate 

Analyses 

Initial total 

Total lysate 

Low speed 
sediment 

High speed 1 
supernatant 
fluid 

High speed 
sediment con¬ 
taining virus 



mg. 

mg. 

per cent 

per cent 

per cent 

r 4 A, 97 cc. 

P 


0.210 

31 

29 

40 


DNA 

0.213 

1.49 

25 

37 

38 

UB, 105 411 

P 

0.141 

0.263 

19 

21 

60 


DNA 

0.220 

1.80 

17 

21 

62 

r 2 C, 96 “ 

P 

0.161 

0.275 

27 

22 

51 


DNA 

0.275 

1.63 

29 

20 

51 

r a D, 92 “ 

P 

0.148 

0.260 

33 

17 

50 


DNA 

0.221 

1.36 

35 

16 

49 


T 4 A 1.05, T«B 1.00, T 2 D 1.02. Thus the conditions described above yielded 
fractions with the characteristics of virus whose inorganic P contents were 
so low as to be undetectable. 

Infected cells may synthesize as much as 7 to 8 times as much DNA as 
was originally present. In many cases, at least 3 times as much DNA was 
isolated in the virus as was present in the bacteria at the onset of infection. 
It is considered probable that DNA formed after infection and not recov¬ 
ered in isolated virus was nevertheless originally part of the virus and was 
lost either by adsorption to debris or by becoming insoluble as a result of 
high speed centrifugation. No indication has been obtained in prepara¬ 
tions of either Tar 4- or T 4 T+ bacteriophage from F lysates that a phosphoiyl- 
ated compound other than DNA is present in either virus. Furthermore, 
in contrast to the observations of Taylor (5), preparations of these viruses 
from nutrient broth lysates prepared from infected cells as described above 
also possessed DNA-P to total P ratios of 1.0 ( 6 ). Hence no evidence has 
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been obtained to confirm the report of Taylor that T*r+ virus contains 
ribonucleic acid (5). It is considered possible that the method of isolating 
virus from 5 to 6 hour lysates described above assists in the removal in the 
low speed sediment of bacterial components containing RNA. Since pro¬ 
teolysis in r+ systems is relatively weak, the prolonged period used by 
Hook et al. (7) in the preparation of lysates may have assisted the degra¬ 
dation of bacterial debris to a size which would not sediment at a low speed 
but would at high speeds. Proteolysis in r+ systems in F medium seems 
even less pronounced than in broth. 

Synthesis of Virus in Labeled Host Cells —Small inocula of bacteria were 
grown to 2 X 10 s per cc. in 125 aliquots of F medium containing 0.02 to 0.05 
millicurie of P n in 13.7 mg. of inorganic phosphate. More than 99 per cent 

Table II 

Radioactivity of Virus Isolated after Synthesis in P n -Labeled Cells in Media Free of P n 


i isolated 

1 

! DNA-P 

1 Total P 

in virus 

Bacteria 

Virus 

Relative radioac¬ 
tivity, 
virus P 
host P 

. 



counts per 10 y P per 

min. 

counts per 10 y P per 
min. 

per cent 

',r + * 

1.00 

222 

33 

14 

'«r + t 

1.00 

293 

53.6 

18 

'<r + * 

1.01 

37.8 

5.9 j 

! 16 

'.r + t 

1.06 

293 

63.3 

; is 


* Virus to cell ratio 3.0. 

t Virus to cell ratio 5.0. 

of the P of the bacteria was derived from the P of the medium. The cells 
were washed twice with 0.85 per cent NaCl. The second washing con¬ 
tained less than 0.1 per cent of the radioactivity of the original medium, as 
determined on a Geiger-Muller counter, kindly loaned by Dr. H. D. Brun¬ 
ner of the Department of Pharmacology of the University of Pennsylvania. 

The radioactive cells were resuspended in 131 cc. of F medium containing 
2.5 X 10~ 4 m tryptophan. Purified T 2 r + or T 4 r+ virus was added and the 
infected cultures were incubated for 5 hours and regularly assayed for virus 
during this interval. The lysates were stored at 4° overnight and virus was 
isolated as previously described. 

The DNA contents of the initial cultures, final lysates, and isolated virus 
were determined. The radioactivity of the virus was compared with the 
radioactivity of the uninfected host cell per unit weight of P. Samples of 
known P content were digested in 1.2 cc. of 60 per cent perchloric acid and 
diluted to 10 cc. after the solutions were neutralized to pH 4. The counting 
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chamber was filled by perfusion and held identical aliquots of slightly more 
than 3 cc. The background was determined between samples and yielded 
8 to 11 counts per minute. This was subtracted from the count on the 
sample. Samples and the time of counting were adjusted to yield 100 to 
1000 counts. Comparisons of samples were made at similar total counts. 

In Table II are presented data on four experiments of this type, in which 
the increments in DNA in the infected bacteria and the yields of isolated 
virus were comparable to the data presented previously. The radioactivity 
of the virus isolated after synthesis under these conditions was far lower 
that the radioactivity of the host P. It has therefore been concluded that 
most of the P organized into virus is derived from the medium after in¬ 
fection. 


Table III 

Radioactivity of Virus Synthesized in Unlabeled Cells in Media Containing P** 


* Virus isolated 

' DNA-P 

Total P 
in virus 

F medium 

Virus 

Relative radio ac¬ 
tivity, 
virus P 
medium P 


1 

counts per IQ y P Per 

min . 

counts per 10 y P per 
min. 

per cent 

T,r+* 

1.04 

443 

315 

71 

T 4 r+t 

1.00 

840 

633 

75 

T 4 r+* 

i 

422 

291 

69 


* Virus to cell ratio 5.0. 
t Virus to cell ratio 3.0. 


Synthesis of Virus in Unlabeled Host Cells in Media Containing Radio¬ 
active Phosphate —Bacteria were grown in the absence of radioactive P. 
Virus was added immediately after the addition of 0.02 to 0.05 millicurie of 
inorganic phosphate and tryptophan for the adsorption of T 4 . The cul¬ 
tures were incubated, and the DNA increments, rates of virus liberation, 
and isolated virus were studied as described previously. 

In Table III are presented some data on experiments of this type. The 
radioactivity of the virus isolated after synthesis under these conditions was 
70 to 75 per cent of that of the inorganic phosphate of the medium. These 
data confirm the previous conclusion that most of the P organized into 
virus is derived from the medium after infection. 

Nucleic Acid Turnover after Infection —Since the P* 2 added to the F me¬ 
dium was assimilated in DNA after infection, the distribution of the radio¬ 
activity in the infected cell was studied. In a typical experiment bacteria 
were grown to 2 X 10 8 per cc. in 1 liter of F medium. The cells were centri¬ 
fuged and resuspended in 100 cc. of F medium. To the culture were added 
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4.5 cc. of Tar* at 2.2 X 10 11 per cc. and 1.5 mg. of P in inorganic phosphate 
containing about 0.05 millicurie of P 82 . The infected culture was aerated 
vigorously at 37° for 1 hour. At zero time and at 1 hour, aliquots were 
analyzed for protein-bound P, DNA, and radioactivity. 

The counts per minute of the medium were 93 per microgram of P. In 
1 hour, the bacterial protein-bound P increased from 0.0109 mg. per cc. to 
0.0163 or 5.4 y per cc. Newly assimilated P had a radioactivity of 98 
counts per microgram. The DNA had increased from 24 to 72 7 per cc., 
or the ratio of newly formed DNA to original DNA was 2:1. 

Following the removal of aliquots after 1 hour, the entire culture was pre¬ 
cipitated with 5 per cent trichloroacetic acid (TCA) and the sediment was 
washed twice in the centrifuge with TCA. The supernatant fluids were 
pooled. The sediment was washed twice with 95 per cent alcohol and twice 
with ether. These supernatant fluids were combined with lipide extracts 
prepared by three extractions of this sediment with boiling alcohol-ether 
( 1 : 1 ). The pooled lipide extracts were taken to dryness in vacuo and dis¬ 
solved in 10 cc. of CHCU. 

The dried lipide-free sediment was fractionated according to Schmidt and 
Thannhauser ( 8 ). It was incubated with 2 cc. of n KOH at 37° for 20 hours 
and chilled. To the solution containing a very slight flocculent precipitate 
were added 0.4 cc. of 6 n HC1 and 2 cc. of 5 per cent TCA. After 30 minutes 
at 0°, the sediment, containing DNA, was removed by centrifugation and 
washed with several cc. of water. The DNA fraction was dissolved in 0.1 
n NaOH. The combined supernatant fluids were precipitated according 
to Delory (9); essentially no P was found in this sediment and this fraction 
was discarded. The supernatant fluid contained ribose-3-phosphate nu¬ 
cleotides and comprised the RNA fraction. 

Both the DNA and RNA fractions prepared above were analyzed for 
DNA. The former contained 6.9 mg. and the latter 0.6 mg. of DNA, or a 
total of 7.5 mg. of DNA was recovered. The total DNA content of the 
culture was 7.4 mg. Radioactivity measurements of the RNA fraction 
were corrected for the radioactivity of the DNA it contained. This com¬ 
prised 10 per cent of the P of this fraction. The radioactivities of the 
nucleic acid fractions are summarized in Table IV. 

One-half of the P in the RNA fraction consisted of ribose-3-phosphate 
nucleotides reactive in the Bial reaction (10). Pyrimidine nucleotides de¬ 
rived from RNA and comprising one-half of the total P would not be 
expected to react. Thus the RNA fraction with the exception of a small 
amount of DNA contained ribose nucleotides of the expected character¬ 
istics. 

It may be seen from Table IV that the newly synthesized DNA contained 
P of essentially similar radioactivity to that in the medium, while the RNA 
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fraction contained essentially no radioactive P. It may be concluded from 
this experiment and others which yielded the same result that not more 
than 2 per cent of the ENA could have been undergoing synthesis involving 
P of the medium. It is highly improbable that the turnover of this much 
ENA, if any synthesis actually occurred, could have produced the synthesis 
of the DNA found. Therefore it appears that ENA nucleotides are not 
precursors to DNA synthesis in this system. 

Since special precautions were not taken to purify the nucleotides of the 
ENA fraction before estimating the radioactivity, it is possible that even 
the low radioactivity found (2 per cent) was due to some contaminant, and 
was not truly significant. In this experiment*the lipide P was found to 
have a radioactivity of about 26 per cent of the P of the medium. Eepre- 
cipitation of phospholipide in the presence of carrier sphingomyelin derived 

Table IV 

Inclusion of Radioactive P into Nucleic Adds of Escherichia coli B Infected with 

Tit* Bacteriophage 


Nucleic acid 

Total Protein-bound 
P 

Lipide-free bacterial 
residue 

Counts per 7 P per 
min. 

Corrected counts per 
7 P per min. 


per cent 

per cent 



DNA 

48 

13.8 

60 

DO 

RNA 

36.5 

10.5 

8.8 

2 


DNA, counts corrected for presence of original bacterial DNA; RNA, counts cor¬ 
rected for presence of traces of DNA in RNA fraction. 

from beef lung readily reduced the radioactivity sufficiently to suggest the 
inactivity of the phospholipide fraction. 

Fractionation of Non-Protein P —It was not found possible to isolate or¬ 
ganic phosphate from the TCA supernatant fluids in this experiment, owing 
to the large excess of inorganic P of the medium. In another experiment, 
the bacteria were first sedimented to remove the inorganic P of the medium 
before fractionation. 10 cc. of TCA extract contained 66 y of organic P 
and 183 y of inorganic P. To this solution, adjusted to pH 8.3 with 
NH4OH, were added 1 cc. of 2.5 per cent CaCk and 2 cc. of a 0.5 per cent 
suspension of MgCOa. After being chilled, the mixture was centrifuged and 
the sediment was discarded. The supernatant fluid was precipitated with 4 
volumes of alcohol and stored overnight in the ice box. The alcohol precipi¬ 
tate was placed in 3 cc. of water. It contained 44 y of organic P, of which 
ribose-5-phosphate in some form comprised 75 per cent of the total organic 
P of the fraction (10). The water-soluble fraction of the alcohol precipi¬ 
tate contained 16.5 y of pentose P in 25 y of organic P. The*radioactivity 
per microgram of P of this fraction was 37 per cent of that of the inorganic 
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P of the medium. It is not known in what compounds the radioactivity 
resided. 


DISCUSSION 

It may be seen from the data presented in this paper that the hypotheses 
suggested in Paper I have been verified by means of the isotope technique. 
These are (1) that phosphorylated virus constituents are synthesized in the 
main from P assimilated from the medium after infection, and (2) that RNA 
after infection has a very low, if any, turnover rate, and is not a precursor 
of virus DNA. 

Nevertheless the radioactivity of the virus P was significantly different 
from that of the P of the medium. It has been observed that a very small 
amount of virus multiplication may occur in the absence of external P (11). 
Therefore it appears that some of the P of the host may be incorporated into 
virus. It is considered likely that this small amount of P is derived from 
the intracellular pool ef inorganic P or low molecular weight organic P 
which can equilibrate with P assimilated after infection. This intracellular 
metabolic pool would be used for the synthesis of DNA after infection and 
possibly even before the P assimilated after infection. Thus in short term 
experiments involving r strains the percentage of host P appearing in virus 
may conceivably be greater than that observed in these long term experi¬ 
ments with i* type virus. This remains to be tested. 

Many workers have found that protein and DNA syntheses are accom¬ 
panied by a vigorous RNA metabolism in a wide variety of tissues. In 
addition it has been reported that there is apparently a conversion of ribose 
nucleotides to desoxyribonucleotides in the early stages of cleavage of the 
fertilized sea-urchin egg (12). These data are ably reviewed by Brachet 
(13). In the system described in these papers, none of these phenomena are 
to be observed. It appears possible to study the precursors of DNA in this 
system uncomplicated by the metabolism of RNA. 

I am indebted to Dr. Samuel Gurin of this University and Dr. M. Kamen 
of Washington University for their advice and assistance in the course of 
these studies. I wish to thank Miss Catherine Fowler for her technical 
assistance. 


SUMMAKY 

The preparation and properties of bacterial lysates after multiple infec¬ 
tion have been described. As a result certain isotope experiments requiring 
viral isolation could be performed. The distribution of the bacterial and 
viral components in these lysates has been studied. It has been found pos¬ 
sible to recover in a purified concentrate of virus much of the P assimilated 



B. 8. COHEN 


and the DNA synthesized after infection. The newly synthesized DNA 
greatly exceeded the starting DNA of the bacterial culture. 

With P* 2 in the labeled host or labeled medium, the DNA of the virus 
has been found to be built in the main from the inorganic P of the medium. 
Ribonucleic acid was not a precursor in the synthesis of this DNA and was 
essentially inert in infected cells. 
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A SPECTROPHOTOMETRIC STUDY OF BLOOD GROUP 
A-SPECIFIC SUBSTANCE ISOLATED FROM 
HOG GASTRIC MUCOSA 
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(From the Gates and Crellin Laboratories of Chemistry ,f California Institute 
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(Received for publication, January 12, 1948) 

The isolation from hog gastric mucosa of homogeneous preparations of the 
polysaccharide-amino acid complex possessing the ability to inhibit the 
isoagglutination of human blood group A cells (1) has been hindered not 
only by difficulties of manipulation and the presence in gastric mucosa of 
substances having properties similar to those of blood group A-specific sub¬ 
stance, but also by the fact that direct tests for determining the homo¬ 
geneity of the product are often insensitive and unreliable. In the past the 
efficacy of procedures used for the isolation and purification of group A 
substance have been evaluated by serological tests and in a few instances 
by ultracentrifugal analysis (2), electrophoretic analysis (3), total nitrogen 
content (3), apparent N-acetyl-D-glucosamine content (4), optical rotation 
(3), and viscosity (3). Since we had at hand a large number of preparations 
of group A substance obtained from hog gastric mucosa by a variety of 
methods (5), it was thought advisable to determine to what extent ultra¬ 
violet spectrophotometry could be used for the evaluation of these prepara¬ 
tions. In addition such a study would also serve to indicate the importance 
of the aromatic amino acids as structural elements of group A substance. 

The ultraviolet absorption spectra of group 0, A, and B substances 
from human urine and of group A substance from hog gastric mucosa, 
isolated by Freudenberg (6), were first studied by Gr6h, Szllyes, and 
Weltner (7) and later in greater detail by Weltner (8). These investigators 
reported that in neutral aqueous solution all of the blood group-specific 
substances showed weak selective absorption in the region 270 to 290 m/x, 
and their results indicated that the purification of group A substance, 
obtained from hog gastric mucosa, caused the extinction to increase 
throughout the ultraviolet region, since it was reported that a “purified” 
preparation and a “highly purified” preparation showed extinction coeffi¬ 
cients of at 280 mp of 1.8 and 2.8, respectively. We have been 

* Allied Chemical and Dye Corporation Fellow, 1946-47. Present address, De¬ 
partment of Chemistry, Massachusetts Institute of Technology, Cambridge, Massa¬ 
chusetts. 
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unable to confirm these results and in fact have observed that preparations 
of group A substance with greatly enhanced potencies, when compared with 
starting materials and intermediates, show little absorption in the ultra¬ 
violet. However, ultraviolet spectrophotometry is particularly useful for 
the detection of certain impurities that may be present in preparations of 
the blood group-specific substances. 

EXPERIMENTAL 

Absorption Spectra —Optical densities for 1 cm. of solution at 25° were 
determined with a Beckman model DU spectrophotometer equipped with 
quartz cells at every 3 m/x from 220 to 270 m/x, every 5 m/i from 270 to 300 
m/x, and every 10 m/x from 300 to 350 m/x. Additional observations were 
made when the maxima were displaced from the usual 260 m/x region. The 
spectra for all solutions were corrected for absorption due to solvent (cit¬ 
rate-phosphate buffer), which was important below 240 m/x. Extinction 
coefficients, 2?}^., were calculated from the usual relation, 2?}^ m . = 
(logio hjl)jcA y where d is the cell thickness and c the concentration of solute 
in gm. per 100 ml. of solution. 

Group A Substance Solutions —Those group A substance preparations 
which were used and not described previously (4, 5) are described in Table 
I. The solutions were prepared by dissolving the preparations in distilled 
water, taking IQ ml. aliquots, and adding 1 ml. of Mcllvaine’s citrate- 
phosphate buffer, pH 7.0. The pH of the resulting mixtures was 7.20 ± 
0.05 and the concentration of group A substance 300 to 380 y per ml. In 
a few instances, where indicated, solutions were prepared similarly at pH 
6.30 =fc 0.05 and pH 8.05 =b 0.05 by means of Mcllvaine’s buffers. The 
final citric acid and disodium phosphate concentrations at pH 6.3, 7.2, and 
8.0 were, respectively, 0.0034 m HiCeHgOT-O.OllS m Na 2 HP(> 4 , 0.0016 m 
H,C 6 H*07-0.015 m Na 2 HP0 4 , and 0.004 m H 8 C6H 6 O 7 -0.0176 m NajHPCh. 

Serological Tests —The inhibition of the isoagglutination test (4) and the 
inhibition of the hemolysis test (5) have been described previously. The 
activities of many of the preparations used in this study were reported in 
the above papers. 


RESULTS AND DISCUSSION 

Group A substance preparations dissolved in distilled water generally 
give clear or slightly opalescent solutions. These solutions are colorless 
when prepared from undegraded preparations and faintly yellow when 
degraded preparations are used. The solutions show deviations from 
Beer’s law, since the extinction coefficients at a given wave-length and pH 
increase upon dilution. 1 The extinction values also vary with pH and 

1 Unpublished experiments. 
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generally increase in the region 220 to 360 m/x with decreasing pH. 2 The 
extinction curves of solutions of pH 6 to 8 are not altered upon standing 
and the observed stability of solutions in this pH range is in agreement with 
observations made elsewhere by independent methods (3, 9). The in¬ 
crease in absorption of alkaline solutions of group A substance observed 
by Weltner (8) is probably due to the lability of group A substance under 
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Fig. 1 . Extinction curves of fractions isolated from hog gastric mucin by fractiona¬ 
tion with ethanol. Curve 1, Fraction C-123; Curve 2, Fraction C-125; Curve 3, Frac¬ 
tion C-128; Curve 4, Fraction 0-142; Curve 5, Fraction C-135; Curve 6, Fraction 
C-143. 


such conditions (3). In view of the dependence of absorption upon pH 
and group A substance concentration, the spectra of all preparations were 
measured at pH 7.2 and at similar concentrations of group A substance. 
Typical extinction curves are presented in Figs. 1 to 6, and in Table I the 
serological properties and the extinction values at 260 and 350 m/x of many 
preparations are summarized. 

Extinction Curves of Preparations from Hog Gastric Mucin —Commercial 

1 The change in extinction values with pH may have a contributing factor due to 
the difference in salt concentration in the various buffer solutions. Other results 
indicate that ionic strength also influences spectra. 
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Table I 

Spectral and Serological Properties of Fractions Isolated from Hog 
Gastric Mucin, Pepsin, and Individual Hog Stomach Linings 


Procedure 

Fraction 

No. 

e\% 

1 cm. 

Inhibition of 
isoagglutination 
titer, microliters 
group B serum 
neutralized per 
microgram 
substance 

Inhibition of 
hemolysis titer, 
micrograms substance 
inhibiting 50 per cent 
hemolysis 

260 

DIM 

350 

ft\fi 

Aqueous suspension of 

C-125 

19.4 

1.7 

45 

dr 

15 

0.18 

dr 0.01 

mucin fractionated with 

C-123 

28.5 

1.5 

40 

dr 

15 

0.24 

dr 0.01 

ethanol after centrifug- 

C-128 

5.9 

0.5 

75 

dr 

20 

0.11 

dr 0.00 

ing (Sharpies) twice at 

C-135 

22.8 

0.9 

45 

db 

15 

0.18 

dr 0.02 

pH 4.4 

C-142 

30.1 

1.3 

45 

dr 

15 

0.24 

dr 0.00 


C-143 

4.9 

0.3 

85 

± 

20 

0.11 

dr 0.01 

Alcohol fractionation of 

R4-F2 

30.4 

2.2 

30 

db 

10 



mucin, procedure of 

R4-F3 

6.0 

1.0 

80 

dr 

20 

0.12 

dr 0.01 

Landsteiner and Harte 

R4-F4 

31.2 

1.3 

0.1 

dr 

0.05 



(2) 

R5-F2 

41.9 

3.2 

20 

dr 

10 




R5-F3 

8.0 

0.8 

85 

dr 

20 

0.11 

dr 0.01 

Alcohol fractionation of 

C-52 

11.6 

1.0 

50 

rfc 

15 

0.13 

dr 0.01 

centrifuged 90% phenol 

C-59 

1.7 

0.5 

90 

=fc 

30 



solution of mucin (3) by 

C-61 

2.2 

0.6 

50 

d: 

15 



clectrodialysis and alco- 









hoi fractionation 









Sodium sulfate fraction- 

R2-F2A 

1.3 

0.1 

45 

db 

15 

0.11 

dr 0.01 

ation of aqueous centri¬ 

R2-F2B 

2.1 

0.3 

50 

dr 

15 



fuged suspension of 

R2-F2C 

3.8 

0.9 

50 

dr 

15 



mucin (3), followed by 









electrodialysis 









Electrodialysis of product 

| R8-F1 

1.4 

0.2 

60 

db 

20 



of alcohol fractionation 

R8-F2B 

7.6 

2.1 

50 

dr 

15 



of mucin, Fraction R5- 









F3 

! 








Treatment of products of 

C-110 

13.2 

0.5 




0.20 

dr 0.02 

alcohol fractionation of 

C-165 

11.8 

0.6 




0.20 

dr 0.02 

mucin with ion ex¬ 

C-167 

3.6 

0.5 




0.21 

dr 0.02 

change resins 

C-168 

3.4 

0.5 




0.070 dr 0.005 

Treatment of product of 

R6-F5A 

0.6 

0.1 

25 

dr 

10 

0.10 

± 0.01 

alcohol fractionation of 









mucin with papain - 









HCN (2) 









Treatment of product of 

R7-F5A 

1.7 

0.4 

10 

dr 

5 

0.05 

dr 0.005 

alcohol fractionation of 









mucin with formamide 









at 150° (2) 









Alkaline digestion of mu* 

C-47 

0.8 

0.2 

30 

dr 

10 

0.065 dr 0.01 

. cin, followed by selec¬ 









tive adsorption and 









precipitation (18) 
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Table I—Concluded 


Procedure 

* 

Fraction 

No. 


Inhibition of 
isoagglutination 
titer, microliters 
group B serum 
neutralized per 
microgram 
substance 

Inhibition of 
hemolysis titer, 
micrograms substance 
inhibiting 50 per cent 
hemolysis 

! 

260 ; 
mu 

350 

mf± 

Alcohol fractionation of 

C-22 

5.0 

0.3 

70 

db 15 

0.050 db 0.005 

Wilson pepsin (19) 







Autolysis of Wilson pep¬ 

C-26 

3.7 

0.4 

35 

db 10 

0.040 dr 0.005 

sin, followed by alcohol 







fractionation (2) 







Peptic digestion of indi¬ 

H1-F3 

3.6 

0.3 

<0.06 


>175 

vidual hog stomach lin¬ 

H2-F1 

4.7 

0.3 

90 

± 30 

0.080 ± 0.005 

ings, followed by 2 alco¬ 

H2-F3 

2.9 

0.2 

0.5 

d= 0.2 

0.60 =b 0.05 

hol precipitations (21)* 

H3-F1 

7.3 

0.3 

75 

=b 20 

0.13 db 0.01 


H3-F2 

4.4 

0.2 

2 

d= 1 

0.70 dr 0.05 


H4-F1 

i 

9.6 

0.3 

<0.06 


>175 


* Fraction C-52, material insoluble in 10 per cent (by volume) ethanol; dialyzed. 
Fraction C-59, soluble in 47 per cent (by volume) ethanol and insoluble in 62 per cent 
(by volume) ethanol on fractionation of clear supernatant obtained on electrodialysis 
of Fraction C-52; dialyzed. Fraction C-61, insoluble in 47 per cent (by volume) 
ethanol on fractionation of clear supernatant obtained on electrodialysis of Fraction 
C-52. Fraction R2-F2A, insoluble in 30 per cent sodium sulfate; precipitate electro- 
dialyzed; material from supernatant. Fraction R2-F2B, aqueous washings of Frac¬ 
tion R2-F2C. Fraction R2-F2C precipitate obtained on electrodialysis of 30 per cent 
sodium sulfate precipitate. Fraction C-110, material soluble in 30 per cent (by 
volume) ethanol but insoluble in 65 per cent (by volume) ethanol from centrifuged 
mucin suspension. Upon reprecipitation insoluble in 45 per cent (by volume) ethanol; 
electrodialyzed. Fraction C-165, Fraction C-110 treated twice with alkali-washed 
Araberlite IR-4 resin. Fraction C-167, Fraction C-110 treated twice with alkali- 
washed De-Acidite resin. Fraction C-168, material soluble in 45 per cent (by volume) 
ethanol and insoluble in 65 per cent (by volume) ethanol from centrifuged suspension, 
dialyzed, and then treated twice with alkali-washed De-Acidite resin. Fraction 
H1-F3, soluble in water and insoluble in 71 per cent (by volume) ethanol. Fraction 
H2-F1, soluble in water and insoluble in 63 per cent (by volume) ethanol. Fraction 
H2-F3, soluble in 63 per cent (by volume) ethanol and insoluble in 74 per cent (by 
volume) ethanol. Fraction H3-F1, soluble in water and insoluble in 63 per cent (by 
volume) ethanol. Fraction H3-F2, soluble in 63 per cent (by volume) ethanol and 
insoluble in 71 per cent (by volume) ethanol. Fraction H4-F1, soluble in water and 
insoluble in 71 per cent (by volume) ethanol. 

* Extinction curves were measured on solutions containing about 900 y of com¬ 
pound per ml. rather than the usual 300 to 350 y. 

hog gastric mucin, 8 centrifuged free of inactive water-insoluble material, 
shows strong selective absorption in the ultraviolet at 260 m/x (Fraction 
C-135, Fig. 1) and appreciable apparent absorption even at 360 m/x. The 
latter absorption is due to light scattering, since mucin is visibly turbid and 

* Wilson hog gastric mucin granules, item No. 443. 
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the apparent absorption extends far into the visible region where specific 
absorption is unlikely. The absorption above 330 mu possesses a fairly 
constant Rayleigh coefficient of 2.5 to 3.5 over a considerable wave-length 
range, which presumably is typical for non-specific absorption (10, 11). 
The material absorbing at 260 m/x in mucin (“260 m/u component”) is non- 
dialyzable, as may be seen from the data obtained with Fraction C-125. 

The “260 m/u component” has not been adequately characterized, since 
it appears to be associated with the inactive or less active preparations 
isolated from mucin. The presence of nucleic acid is suggested by the 
wave-length of maximum absorption (12,13), and Bray, Henry, and Stacey 
(14) have recently reported that mucin may contain nucleic acid of mixed 
ribose and desoxyribose type. However, preparations (0.04 per cent solu¬ 
tions) containing the “260 mu component” did not give the Dische cysteine 
test (15) for desoxypentose. Weakly positive orcinol tests for pentose 
(16) were observed, but these results may not be significant, since hexoses, 
which are abundantly present in mucin, also are known to give weak orcinol 
tests (17). The “260 mu component” cannot be removed by high speed 
centrifugation, since after centrifuging at 16,000 r.p.m. for 30 minutes 
(40,000^) the specific absorption remains. A slight decrease in extinction 
occurs throughout the ultraviolet owing to the separation of a small amount 
of suspended material and the resulting clarification of the solutions. Pre¬ 
liminary experiments indicate that the “260 mp component” can be modi¬ 
fied readily by heating with acid, alkali, or by the action of oxidizing agents 
such as hypoiodite. 

When an aqueous centrifuged mucin solution is fractionated with ethanol 
(2), the more active fractions which are soluble in 40 per cent ethanol and 
insoluble in 60 to 65 per cent ethanol always show considerably less absorp¬ 
tion throughout the ultraviolet region than the original mucin solution 
(Fractions C-128 and C-143, Fig. 1; Fractions R4-F3 and R5-F3, Fig. 2). 
Although the “260 mM component” is concentrated in the fractions insoluble 
in 40 per cent ethanol (Fractions C-123 and C-142, Fig. 1; Fractions R4-F2, 
and R5-F2, Fig. 2), those soluble in 40 per cent ethanol and insoluble in 
60 to 65 per cent ethanol still contain significant amounts of the “260 mu 
component” (l?uU. = 5 to 6). The sensitivity and usefulness of the 
spectrophotometric method may be appreciated by the fact that while the 
above four more active fractions have essentially the same serological 
activity their extinction curves differ significantly. A new component is 
detectable in the fraction soluble in 60 to 65 per cent ethanol, since absorp¬ 
tion occurs maximally in this case at about 270 mu (Fraction R4-F4, Fig. 2). 
This fraction, which possesses essentially no serological activity, contains 
considerable quantities of free amino acids, and in one instance about 2 per 
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cent of amino acid nitrogen was detectable by the Van Slyke manometric 
method. 

The products isolated from hog gastric mucin by Morgan and King (3) 
by 90 per cent phenol extraction followed by precipitation with ethanol or 
by aqueous extraction followed by precipitation with sodium sulfate were 
not distinguishable by a number of different tests including serological 
activity, elementary analysis, optical rotation, or viscosity. However, we 



Fig. 2. Extinction curves of fractions isolated from hog gastric mucin by fractiona¬ 
tion with ethanol. Curve 1, Fraction R4-F4; Curve 2, Fraction R4-F2; Curve 3, 
Fraction R4-F3; Curve 4, Fraction R5-F2; Curve 5, Fraction R6-F3. 


have found that the extinction curves of fractions of group A substance pre¬ 
pared according to these procedures differ markedly and that the product 
from the phenol-ethanol procedure contains considerably greater amounts 
of the “260 m m component” (Fraction C-52, Fig. 3) than the group A sub¬ 
stance isolated either by ethanol or sodium sulfate fractionation (Fraction 
R2-F2A, Fig. 3). 4 It was reported earlier (5) that group A substance frac- 

4 The product isolated by the sodium sulfate procedure of Morgan and King (3) 
would be represented by an extinction curve roughly intermediate between Fractions 
R2-F2A and R2-F2C (Fig. 3), since the Morgan and King product was fractionated 
further"ae discussed above. 
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tions obtained by ethanol, sodium sulfate, or phenol-ethanol fractionation 
could be shown to be heterogeneous by electrodialysis. Solid material 
separated in the cell during electrodialysis, leaving a fairly clear superna¬ 
tant. The residue and the material in the supernatant possessed approx¬ 
imately the same equivalent N-acetylglucosamine content and the same 
inhibition of isoagglutination activity. In the more precise inhibition of 



Fia. 3, Extinction curves of fractions isolated from hog gastric mucin by fractiona¬ 
tion with sodium sulfate followed by electrodialysis (left-hand) and with phenol- 
ethanol (right-hand). Curve 1, Fraction R2-F2C; Curve 2, Fraction R2-F2B; Curve 
3, Fraction R2-F2A; Curve 4, Fraction C-52; Curve 5, Fraction C-61; Curve 6, Frac¬ 
tion C-59. 

hemolysis test the material in the supernatant appeared to be 20 to 25 per 
cent more active than the residue. While these two fractions are similar 
by the above criteria, they differ substantially in their spectral properties. 
The solid disperses in water to give quite turbid solutions, while the material 
in the supernatant yields only slightly turbid solutions. The latter solu¬ 
tion, of course, scatters considerably less light in the ultraviolet, as may be 
seen from the extinction in the region 300 to 350 mp. In Fig. 3, Fractions 
R2-F2A, R2-F2B, and R2-F2C are, respectively, the material in the super¬ 
natant, a washing of the residue, and the residue. Fractions R8-F1 and 
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R8-F2B (Fig. 4) are, respectively, the supernatant material and the residue 
obtained on electrodialysis of Fraction R5-F3 which was prepared by the 
ethanol fractionation of mucin. Fractions C-59 and C-61 (Fig. 3) are the 
soluble materials obtained on electrodialysis of the product of phenol- 
ethanol fractionation, Fraction C-52. Fractions C-59 and C-61 differ in 
that the former is soluble in 47 per cent ethanol and insoluble in 60 per cent 



Fig. 4. Extinction curves of fractions isolated from hog gastric mucin by fractiona¬ 
tion with ethanol followed by electrodialysis (left-hand) and by treatment with ion 
exchange resins (right-hand). Curve 1, Fraction R5-F3; Curve 2, Fraction R8-F2B; 
Curve 3, Fraction R8-F1; Curve 4, Fraction C-110; Curve 5, Fraction C-165; Curve 6, 
Fraction C-167; Curve 7, Fraction C-168. 

ethanol, while the latter is insoluble in 47 per cent ethanol. In every 
case the soluble materials, which are more active serologically than the 
less soluble, or the parent, substances, show decreased absorption in the 
ultraviolet. This appears to be due to the fact that light-scattering 
components are concentrated in the residue and also because the “260 
m/x component” occurs to a greater extent in the less soluble fractions. 

A study has been made in this laboratory 5 of the use of ion exchange 

* Unpublished experiments of E. L. Bennett. 
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resins lor the preparation of group A substance from hog gastric mucin. 
Preparations comparable in activity to those isolated by other procedures 
were obtained in this way. Fraction C-168 (Fig. 4) which exhibits weak 
absorption in the ultraviolet was obtained by treating a 60 per cent ethanol 
precipitate from mucin twice with base-treated De-Acidite.* The 40 per 
cent ethanol precipitate, which contains considerable quantities of the 
“260 m (i component” (Fraction C-110), can be transformed to a fraction 
showing weak absorption at 260 m u by treatment with base-treated De- 
Acidite (Fraction C-167, Fig. 4). Treatment of Fraction C-110 with base- 
treated Amberlite IR-4 resin, 7 a resin of similar type, is ineffective, however, 
in removing the “260 mp component” (Fraction C-165, Fig. 4). 

Group A substance is known to be degraded under a variety of conditions; 
e.g., by heating with formamide at 150° (2, 3), by digestion with papain- 
HCN (2), and by treatment with alkali (3, 9). Degradation is usually 
associated with a decrease in activity in the isoagglutination test and no 
change or an increase in activity in the hemolysis test. It was of interest 
to determine the extent to which the spectral properties of preparations of 
group A substance were altered by degradation. Typical curves are shown 
in Fig. 5. All of the degraded preparations show very little absorption in 
the ultraviolet and, as a consequence of the clarity of the aqueous solutions, 
low extinction values are observed in the 300 to 350 him range. Fraction 
R6-F5A was obtained from Fraction R4-F3 by papain-HCN digestion (2), 
Fraction R7-F5A by heating Fraction R5-F3 with formamide at 150° (2), 
and Fraction C-47 by preliminary digestion with 2 per cent sodium carbon¬ 
ate at 70°, followed by adsorption and precipitation according to the pro¬ 
cedure of Meyer, Smyth, and Palmer (18). 

Extinction Curves of Preparations from Hog Pepsin —Extinction curves 
for fractions isolated by the procedure of Landsteiner and Chase (19), 
Fraction C-22, and by the procedure of Landsteiner and Harte (2), Fraction 
C-26, from Wilson pepsin are given in Fig. 5. Unlike the active prepara¬ 
tions from hog gastric mucin, the preparations obtained from pepsin show 
specific absorption in the region 270 mp, which may be due to components 
derivable from the large quantities of protein present in the starting mate¬ 
rial. While these fractions are among the most active in the hemolysis test 
that have been isolated so far from hog stomach sources, evidence has been 
presented previously (5) which suggests that these preparations may be in 
fact partially degraded. The extinction curves would indicate that, despite 
their high potency in the hemolysis test, they contain contaminants or 
artifacts produced in the course of isolation which absorb at 270 mp. Puri- 

' The Permutit Company, New York. 

. 7 The Resinous Products and Chemical Company, Philadelphia, Pennsylvania. 
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fied preparations from hog gastric mucin show considerably less absorption 
in the ultraviolet. 

Extinction Curves of Preparations from Individual Hog Stomach Linings — 
Witebsky (20) reported that only 40 per cent of the hogs examined have the 
specific blood group A factor in their stomach linings. It was later reported 
by Bendich, Kabat, and Bezer (21) that hog stomach linings may be differ- 



Fig. 5. Extinction curves of fractions isolated from hog gastric mucin by degrada- 
tive procedures (left-hand) and from Wilson pepsin (right-hand). Curve 1, Fraction 
R5-F3; Curve 2, Fraction R4-F3; Curve 3, Fraction R7-F5A; Curve 4, Fraction C-47; 
Curve 5, Fraction R6-F5A; Curve 6, Fraction C-22; Curve 7, Fraction C-26. 


entiated into those possessing the group A factor and those having a similar 
but ineffective mucoid. The latter material was shown by Aminoff, Mor¬ 
gan, and Watkins (22) to possess properties of blood group 0 substance. 
Hog gastric mucin, being a pool of stomachs of many hogs, was shown to 
contain both group A and 0 substances. It was of interest to compare the 
spectral properties of the group A substance derived from individual hog 
stomach linings with those isolated from hog mucin. Accordingly, parti¬ 
ally purified fractions were isolated from individual hog stomach linings by 
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peptic digestion (21), followed by alcohol fractionation. The extinction 
curves for these preparations are shown in Fig. 6 and their serological prop¬ 
erties in Table I. Hogs 1 and 4 gave inactive products, presumably group 
0 substance, while Hogs 2 and 3 possessed group A-specific material. The 
activities of the more potent preparations were of about the same order of 
magnitude as those obtained from mucin and pepsin. However, all of the 



270 310 270 310 

m)L 

Fig. 6. Extinction curves of fractions isolated from individual hog stomach linings 
by fractionation with ethanol. Curve 1, Fraction H3-F1; Curve 2, Fraction H3-F2; 
Curve 3, Fraction H2-F1; Curve 4, Fraction II2-F3; Curve 5, Fraction H1-F3; Curve 
6, Fraction H4-F1. 

preparations showed considerably more specific absorption in the region 
260 to 270 m/i than did comparable preparations derived from hog gastric 
mucin. While spectra of materials not possessing group A activity, Frac¬ 
tions H1-F3 and H4-F1, resemble those possessing group A activity, Frac¬ 
tions H2-F1 and H3-F1, it should be emphasized that specific absorption 
in the 260 mp region is to be associated with the presence of inactive non¬ 
blood group-specific components. 

Fractions H2-F3 and H3-F2 represent fractions not previously observed 
as arising from the fractionation of hog gastric mucosa. These fractions 
are soluble in 60 per cent ethanol and insoluble in 72 per cent ethanol and 
have little activity when compared to the fractions insoluble in 60 per cent 
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ethanol (Fractions H2-F1 and H3-F1). However, the relative potencies 
of Fractions H2-F3 and H3-F2 when compared with hog gastric mucin are 
about 10 to 20 times greater in the hemolysis test than in the isoagglutina¬ 
tion test, a behavior similar to that observed for degraded preparations from 
mucin (2, 3, 5). Undegraded preparations from mucin have approximately 
equivalent relative activities in these tests. The degraded character of 
group A substance isolated from pepsin has been previously recognized (5), 
but the possibility of degradation of group A substance in the peptic diges¬ 
tion of hog stomach linings has not been appreciated. 

Maximum Tyrosine and Tryptophan Content of Preparations of Group A 
Substance —The tyrosine or tryptophan content of group A substance prep¬ 
arations can be calculated by ascribing the net absorption at 280 mp en¬ 
tirely to either tyrosine or tryptophan. 8 * 9 It is necessary to apply a correc¬ 
tion for non-specific absorption (24, 25), and if this correction is applied 
throughout the ultraviolet region, then the more potent preparations which 
show low plateaus in the region 260 to 280 mp possess extinction curves 
Which have small maxima between 270 to 280 mp. The maximum trypto¬ 
phan and tyrosine contents of both Fractions R6-F5A and C-47, which are 
among the most transparent in the ultraviolet, were calculated in this way 
to be 0.1 and 0.4 per cent, respectively. Undegraded preparations with less 
transparency would have correspondingly higher values, i.e ., 0.2 to 0.3 per 
cent tryptophan and 0.8 to 1.2 per cent tyrosine. These maximum esti¬ 
mates would of course be lower if both amino acids were present. While 
these preparations are probably not pure, it seems certain that tyrosine and 
tryptophan, if indeed present in group A substance, are among the least 
abundant amino acids. The above results are consistent with the observa¬ 
tion that qualitative tests for the aromatic amino acids in group A substance 
are generally weak or negative (2) and with the sole quantitative result of 
Brand and Saidel (27) to the effect that a preparation of group A substance 
obtained from hog gastric mucin by the phenol procedure contained 0.3 per 
cent tyrosine and 0.2 per cent tryptophan. 

SUMMARY 

A study of the ultraviolet absorption spectra of preparations of blood 
group A-specific substance isolated from hog gastric mucin supports the 

8 f° r tyrosine and tryptophan at 280 mp are 69 and 278, respectively, in 

phosphate-citrate buffer at pH 7.2. Phenylalanine shows weak absorption at 255 mp, 
and histidine shows specific absorption only below 240 mp. Sugars would be 
expected to absorb only below 230 m p (13, 23). 

• Since group A substance preparations absorb weakly in the ultraviolet and be¬ 
cause tyrosine and tryptophan possess similar absorption spectra under the test con¬ 
ditions, it is difficult to determine tyrosine and tryptophan simultaneously as has 
been done previously (24-26). The procedure of measuring absorption in alkaline 
solution which allows considerable differentiation in the tyrosine and tryptophan 
spectra is inapplicable due to the lability of group A substance under these conditions. 
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view that group A substance, and probably grotip 0 substance, has little 
specific absorption in this spectral region and that other components 
account for most if not all of the specific absorption noted in the case of 
impure preparations. However, ultraviolet spectrophotometric analyses 
have been found to be particularly useful in following changes in composi¬ 
tion brought about by the fractionation of group A substance preparations 
obtained from hog gastric mucin as well as in comparing preparations iso¬ 
lated by different methods and from different sources. Such analyses have 
also indicated that tyrosine and tryptophan, if indeed present in group A 
substance, are but minor constituents. 
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FOLIC ACID ACTIVITY IN HOMOGENATES OF RAT LIVER* 
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It has been demonstrated that homogenates of rat liver increase in folic 
acid activity following incubation at pH 7 (1,2). In 1944, Mims, Totter, 
and Day (3) used a partially purified enzyme preparation from rat liver in 
determining “substances convertible into the factor stimulating Streptococ¬ 
cus lactis R,” and in the same year Binkley et al. (4) discovered vitamin B c 
conjugate, stating that its presence in certain liver extracts had been demon¬ 
strated. Laskowski, Mims, and Day (5) later found that rat liver extracts 
showed vitamin B c conjugase activity. It appeared probable, therefore, 
that the increased folic acid content of rat liver homogenates following in¬ 
cubation at pH 7 was the result of the enzymatic conversion of the con¬ 
jugate to folic acid. However, the increase in folic acid activity of the liver 
homogenates incubated at pH 7 was greater than that in homogenates 
incubated at pH 5 (2), suggesting that the conjugase in rat livers dif¬ 
fers from similar enzymes in the livers of hogs and chickens, the activity of 
the latter being enhanced at the lower pH levels (6). This explanation is 
not borne out by the studies discussed here, for the activity of rat liver con¬ 
jugase has been found to be greater at pH 5 than at pH 7. Thus it appears 
that the increases in the folic acid content of the liver homogenates in¬ 
cubated at pH 7 were not the result of the enzymatic conversion of the con¬ 
jugate to PGA (pteroylglutamic acid). Data are presented which indicate 
that rat liver contains a substance, other than PGA conjugate, subject to 
enzymatic conversion to folic acid or substances showing folic acid activity. 

M ethods 

The folic acid activity was determined by using either Streptococcus 
faecalis and the turbidimetric method of Luckey, Briggs, and Elvehjem 
(7) (the medium was modified by the addition of Salts B (8)) or Lactobacillus 
cam and the acidimetric method of Teply and Elvehjem (8) (the medium 

•Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by grants from the National Association 
of Ice Industries and the Wisconsin Ice Association. 

We wish to thank Lederle Laboratories Division, American Cyanamid Company, 
Pearl River, New York, for synthetic pteroylglutamic acid and Parke, Davis and 
Company, Detroit, Michigan, for crystalline vitamin B* conjugate used in these 
studies. 
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was modified by omission of norit-treated peptone). Synthetic pteroylglu- 
tamic acid, supplied by the Lederle Laboratories Division, American 
Cyanamid Company, was used as a standard in all cases. 

Rat livers removed from normal, mature rats and frozen in the freezing 
compartment of a refrigerator were used in all experiments. Homogenates 
were prepared in a Waring blendor by grinding 3 gm. of the frozen liver in 
50 ml. of distilled water for 1J minutes. After grinding, the homogenate 
was allowed to stand for about 1 minute so that the foam could rise, and 
then samples were removed by pipetting. 

EXPERIMENTAL 

The rate of increase in folic acid activity of rat liver homogenate 
incubated at two different pH levels was studied first. Two mixtures, one 



Fig. 1. Folic acid content of rat liver homogenates incubated at pH 4.5 and 7.0 


containing 20 ml. of freshly prepared rat liver homogenate and 10 ml. of 
0.1 m phosphate buffer, pH 7.0, the other 20 ml. of the homogenate and 10 
ml. of 1 per cent sodium acetate buffer, pH 4.5, were used. Toluene was 
added to each mixture to inhibit bacterial growth. Immediately after the 
addition of the homogenate to the buffer and toluene, 3 ml. samples of the 
mixtures were pipetted into 18 mm. test-tubes, which were placed in a boil¬ 
ing water bath. After 2 minutes these initial samples were removed from 
the bath, allowed to cool, and placed in the freezing compartment of a re¬ 
frigerator. The remaining reaction mixtures, in stoppered 125 ml. Erlen- 
meyer flasks, were placed in an air incubator at 37°. At 1, 2, 4, 8, and 20 
hours, 3 ml. samples were removed and treated in the same manner as were 
the zero time samples. After all the samples had been collected, they were 
diluted, neutralized to pH 7.0, made up to volume, and filtered. The fil¬ 
trates were assayed with Streptococcus faecalis and the results obtained are 
shown in Fig. 1. The data obtained with the 20 hour samples agree with 
results obtained by Burkholder, McVeigh, and Wilson (2) on rat liver homo- 
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genates incubated at pH 7.0 and 5.0 for a similar peiiod of time, la the 
liver homogenates incubated at pH 7.0, the rapid increase in folic acid 
and the subsequent decrease agree in general with results obtained by 
Wright, Skeggs, and Welch (1). 

In an experiment similar to the one just discussed, it was demonstrated 
that the failure of the liver homogenate to increase in folic acid at pH 4.5 
was not the result of acetate inhibition. Five incubation mixtures were 
used. Each contained 20 ml. of fresh homogenate and 10 ml. of buffer or 
water, as indicated in Fig. 2. Inlhis experiment, when samples were with¬ 
drawn, they were added to 12 ml. of a buffer medium of such composition 
that the resulting mixtures were identical in buffer content. After thus 
equalizing the buffers, the samples were heated in a boiling water bath for 3 



Fig. 2. Folic acid in liver homogenates incubated in various buffers. Curve 1, 
ethylenediamine-citrate buffer, final pH 7.0; Curve II, citrate-phosphate buffer, 
final pH 7.0; Curve III, water, final pH 6.3; Curve IV, citrate-phosphate buffer, final 
pH 4.6; and Curve V, sodium acetate buffer, final pH 4.3. 

minutes, cooled, refrigerated, and assayed, as already described. The 
results obtained (Fig. 2) are in agreement with those obtained in the first 
study, and they indicate that the differences obtained were not the result 
of the use of different kinds of buffers or of heating the samples at the dif¬ 
ferent hydrogen ion concentrations. 

We next studied the effect of pH on the release of folic acid from the 
homogenate and on the conjugase activity of the liver. To determine the 
optimum pH for the release of the vitamin from the liver, 5 ml. samples of 
homogenate were added to 18 mm. test-tubes containing 10 ml. of 0.1 m 
citrate-phosphate buffer of various hydrogen ion concentrations. In this 
experiment, the homogenate and buffer solutions were at 37° when mixed. 
After incubating for 1 hour at 37°, the test-tubes were placed in a boiling 
water bath for 3 minutes and then cooled to room temperature. 5 ml. 
samples were withdrawn, diluted to about 25 ml., neutralized to pH 7.0, 
and made up to 100 ml. volume. After filtering, the solutions were assayed 
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with Streptococcus faecalis. The sample remaining after withdrawal of 5 
ml. for assay was used for a pH determination. 

The optimum pH for rat liver conjugase was determined as follows: 5 
ml. of 0.1 M citrate-phosphate buffer of various hydrogen ion concentrations 



Fig. 3. Effect of pH on the folic acid formed in rat liver homogenate upon incu¬ 
bation and on the conjugase activity of the homogenate. Curve I, folic acid produced 
from PGA conjugate; Curve II, folic acid produced from the homogenate. 


Table I 

Inability of Hog Kidney Conjugase to Increase Folic Acid Content of Heated Rat 

Liver Homogenate 


Reaction mixture 


Folic acid content. 
Streptococcus faecalis 


y 

5 ml. rat liver homogenate, 5 ml. citrate-phosphate buffer, pH 0.065 

7.0, heated* 

6 ml. rat liver homogenate, 5 ml. sodium acetate buffer, pH 4.5 0.065 

5 ml. rat liver homogenate, 5 ml. sodium acetate buffer, pH 4.5, 0.065f 

heated* 1 ml. hog kidney conjugase 

5 ml. rat liver homogenate, 5 ml. citrate-phosphate buffer, pH 7.0 0.58 

1 ml. hog kidney conjugase, 5 ml. sodium acetate buffer, pH 4.5 0.015 


* Heated 3 minutes in a boiling water bath, 
f Hog kidney conjugase blank subtracted. 


and 3 ml. of solution containing 10 y of pteroylglutamic acid as PGA con¬ 
jugate (crystalline conjugate supplied by Parke, Davis and Company) were 
added to a series of 18 mm. test-tubes. A rat liver homogenate was diluted 
with 4 volumes of water and 2 ml. were then added to each test-tube. All 
solutions were at 37° when mixed. After incubating for 1 hour at 37°, 
the test-tubes were heated for 3 minutes in a boiling water bath and cooled. 
A 1 ml. sample was withdrawn for assay and the remainder of the sample 
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was used for the pH determination. The results of this and the previous 
study are given in Fig. 3. Although rat liver conjugase did function at the 
same pH at which the increases in folic acid in the incubated homogenates 
were the largest, the conjugase activity was greatest in the more acid 
mixtures in which no increases in the folic acid content of the incubated 
mixtures were found (see Fig. 1 also). It appears, therefore, that the 
precursor of the folic acid formed in the homogenates is not PGA conjugate 
but some other substance of low microbiological activity which can be 
enzymatically converted to the vitamin. 

Further, it was found that hog kidney conjugase would release no folic 
acid from heated liver homogenate. 5 ml. of the freshly prepared homo¬ 
genate were measured into each of four test-tubes and treated as indicated 

Table II 

Ability of Rat Liver Homogenate to Increase Folic Acid Content of Heated Liver 

Homogenate 


Reaction mixture* 


Folic add content, 
Streptococcus face* ’« 


7 

5 ml. heated f rat liver homogenate,! 5 ml. citrate-phosphate 0,09 

buffer, pH 7.0 

5 ml. rat liver homogenate,! 5 ml. citrate-phosphate buffer, 0.88 

pH 7.0 

5 ml. heated\ rat liver homogenate,! 5 ml. rat liver homogenate! 1.73 


* Incubated under toluene at 37° for 4 hours, 
t Heated 3 minutes in a boiling water bath. 

! Homogenate prepared as usual, except that pH 7.0 citrate-phosphate buffer 
was used in place of water. 


in Table I. The reaction mixtures listed were incubated under toluene at 
37° for 20 hours and assayed with Streptococcus faecalis, as described before. 
The conjugase used was a frozen water extract of hog kidney prepared as 
described by Bird et al. (9). Its activity was demonstrated on both crys¬ 
talline PGA conjugate and yeast extract before its use in this experiment. 
The failure of the hog kidney enzyme to increase the folic acid content of 
the- heated homogenate is further evidence that the precursor is not the 
regular PGA conjugate. The data in Table II demonstrate that the pre¬ 
cursor in the heated liver homogenates can be converted to folic acid by the 
liver enzyme. 

Since it appeared possible that the vitamin might be bound to proteins, 
making it unavailable to the test organisms, a sample of coldliver homogenate 
was adjusted to pH 5.0 with acetic acid and centrifuged. The supernatant 
liquid was adjusted to pH 7.0 and again centrifuged. This supernatant 
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liquid was treated with solid ammonium sulfate (8 gm. per 15 ml.) and the 
precipitate which formed was centrifuged off and resuspended in pH 7.0 
citrate-phosphate buffer. Although the fraction precipitated by ammo¬ 
nium sulfate contained about 25 per cent of the folic acid precursor present 
in the original liver sample (as determined by assay following incubation 
with rat liver homogenate), all of the precursor was removed by dialysis 
overnight against cold running water. Dialysis of the solution prior to 
ammonium sulfate treatment gave similar results. It was therefore con¬ 
cluded that, if the substance is bound to proteins, the binding is a very 
loose one. Very little of the precursor could be found in the precipitates 
formed at pH 4.5 and 7.0. 



Fig. 4. Folic acid in mixtures of liver extract and homogenate incubated at two 
hydrogen ion concentrations. 

We next ground 100 gm. of frozen liver with 200 ml. of cold water for 2 
minutes in a Waring blendor. 25 ml. of cold 5 per cent sodium acetate 
buffer, pH 4.5, were then added and the mixture was ground again for 2 
minutes. The addition of the buffer brought the pH of the mixture to 5.3; 
our previous findings indicated that enzymatic conversion of the precursor 
to folic acid at this pH was very slow. The mixture was then transferred 
to a 600 ml. beaker in a boiling water bath and stirred continually until it 
reached a temperature of 90°. It was maintained at this temperature for 
5 minutes and then cooled. After filtering with gentle suction through a 
filter paper, the residue was mixed with about 50 ml. of water and again 
sucked dry on the filter. The combined filtrate and washings were concen¬ 
trated in vacuo to about 75 ml., neutralized to pH 7.0, and made up to 100 
ml. Samples taken before and after incubation with fresh liver homogenate 
were assayed for folic acid with Streptococcus faecalis . The following data 
were obtained: folic acid plus the precursor in original liver, 220 y ; folic 
acid in filtrate, 39 y ; and folic acid as the precursor in filtrate, 93 7 . Where¬ 
as only 60 per cent of the folic acid plus the precursor present in the original 
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liver sample was recovered in the filtrate, the method yielded a solution of 
substrate (folic acid precursor) free of most of the protein present in the 
liver homogenate. This substrate was incubated at 37° under toluene in 
the presence of freshly prepared liver homogenate at pH 4.5 and 7.0; the 
mixtures were sampled for assay at 0,1, 2, 4,10, 24, and 48 hours. In this 
experiment 15 ml. each of liver extract, homogenate, and buffer (0.1 m 
citrate-phosphate, pH 7.0, or 1 per cent sodium acetate, pH 4.5) were used 
in each mixture. Samples were withdrawn and prepared for assay as 
described earlier, except that filtering was omitted. Lactobacillus cam was 
used in the assay (titrimetric) instead of Streptococcus faecalis. The results 
of the study (Fig. 4) are very similar to those obtained in the incubation of 
rat liver homogenate alone. Here, however, the disappearance of folic 
acid following the initial increase is more clearly apparent as the time of 
incubation is lengthened. These data indicate that adsorption and occlu¬ 
sion are not responsible for the differences in the release of folic acid from 
homogenates incubated at pH 4.5 and 7.0. 

DISCUSSION 

In the microbiological assay of various liver extracts with Streptococcus 
faecalis , the response of the microorganism to synthetic PGA was not the 
same as it was to the liver extracts. Decreasing responses with the addi¬ 
tion of increasing amounts of the liver extracts (as compared to the 
responses to PGA) caused “drifts.” This introduced errors into the assay 
which were in part overcome by selecting values from a limited part of the 
standard curve only. By doing this, the results obtained in the assay of 
several solutions of liver extracts with S. faecalis compared well with the 
results obtained with Lactobacillus casei (titrimetric). “Drifts” were not 
apparent with the latter microorganism with which longer incubation 
periods were used. The occurrence of “drift” indicated that S. faecalis 
was responding to substances other than PGA, and we therefore chose to 
use the term “folic acid” in expressing our results. Pfiffner el al (10) 
reported the presence of an acid-labile factor in horse liver to which S. 
faecalis responded differently than did Lactobacillus casei . It is possible 
that the occurrence of such a substance in rat liver after incubation would 
cause “drifts” such as we have observed. 

When Binkley et al (4) reported the presence of vitamin B„ conjugate in 
certain liver extracts, they did not state the method by which it was 
determined. Our work indicates that the conjugate is present in rat livers 
in small amounts only. However, the possibility that the precursor which 
we have observed is a larger molecule, which is first degraded to a conjugate 
and subsequently converted to PGA, still exists, since even at pH 7.0 the 
liver conjugase is quite active. 
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Our findings suggest that certain liver preparations may be of even 
greater value than hog kidney or chicken pancreas conjugases for enzymati¬ 
cally treating samples prior to microbiological assay. However, crude liver 
preparations apparently cause some destruction of folic acid and this 
property may limit their use. Partially purified liver preparations may 
prove valuable. 

SUMMARY 

Rat liver homogenates incubated at pH 7.0 increased rapidly in their 
folic acid content, whereas those incubated at pH 4.5 did not. . The opti¬ 
mum pH was between 4.0 and 5.0 for folic acid conjugase in the homoge¬ 
nates. Since at pH 4.5 neither autolysis of the liver nor digestion of heated 
samples with hog kidney conjugase caused any liberation of the vitamin, 
the presence of a precursor of folic acid other than pteroylglutamic acid 
conjugate is indicated. This precursor is dialyzable and stable to short 
heat treatments. 
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In order to extend the studies made in this laboratory (1) on structural 
analogues antagonistic to metabolically important compounds, a number 
of possible inhibitory analogues of pteroylglutamic acid have been prepared 
and tested biologically. Since this vitamin is a pyrimidine compound, the 
prediction could be made on the basis of existing knowledge (2, 3) that 
replacement of this part of the molecule with a benzene ring would yield 
an antagonist. Attempts were therefore made to synthesize quinoxaline- 
3-(p-methyleneaminobenzoylglutamic acid) by the condensation of o- 
phenylenediamine, dibromopropionaldehyde, and p-aminobenzoylglutamic 
acid according to the general procedure (4) used in the formation of pteroyl¬ 
glutamic acid. An active growth inhibitor was produced in the reaction 
and obtained in relatively pure form, but it did not appear to be the ex¬ 
pected quinoxaline derivative, but rather a more complex substance, 

A slightly different type of inhibitory analogue was secured by the forma¬ 
tion of quinoxaline-2-carboxylyl-p-aminobenzoylglutamic acid. This com¬ 
pound was readily obtainable in pure form and was found to be a rather 
special kind of antifolic acid in that it was effective in only one species. 

The most powerful antagonist examined in this investigation was 2- 
amino-4,7-dihydroxypteridine-6-carboxylyl-p-aminobenzoylglutamic acid. 
This substance is the same as pteroylglutamic acid, except that the methyl¬ 
ene bridge has been exchanged for a carbonyl group, and the hydrogen at 
position 7 has been replaced by OH. It was thus a derivative of iso- 
xanthopterincarboxylic acid. The corresponding xanthopterincarboxylic 
acid derivative was prepared and found to be much less potent. 

Analogues identical with pteroylglutamic acid, except for the replace¬ 
ment of glutamic by aspartic acid or by methionine sulfoxide, were prepared 
and shown to be antagonistic to the vitamin in bacterial growth. However, 
others (5, 6) have recently published reports dealing with the aspartic acid 
compound, and therefore it will not be described here. 

EXPERIMENTAL 

Compound Derived from (bPhenylenediamine , Dibromopropionaldehyde, 
and p-Aminobemoylglutamic Add —A solution of 13.3 gm. of p-amino- 
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benzoylglutamic acid and 5.4 gm. of o-phenylenediamine in 500 cc. of 
0.1 M acetate buffer at pTI 4 was stirred and treated dropwise with a solu¬ 
tion of dibromopropionaldehyde prepared by adding 2,7 cc. of bromine to 
3.3 cc. of acrolein in 50 cc. of ether in the cold. The product began to 
precipitate immediately and was filtered after standing overnight in the 
refrigerator. The crude product (10 gm.) was suspended in 500 cc. of 2 
N sodium hydroxide solution. The insoluble material was discarded, the 
filtrate adjusted to pH 7 with dilute hydrochloric acid, and chromato¬ 
graphed on 250 gm. of aluminum oxide. The column was washed with 200 
cc. of water and, after concentrating the effluent to 500 cc., it was adjusted 
to pH 1 with concentrated hydrochloric acid. The precipitate was dis¬ 
carded. The active material (0.6 gm.) precipitated from the filtrate when 
the pH was raised to 4 with 5 n sodium hydroxide solution. Further 
purification was accomplished by a counter-current distribution (7) of 1 
gm. between 100 cc. portions of butanol and a 3 m aqueous pyridine solu¬ 
tion. The active material was most abundant in the third of a series of 
nine tubes. Repetition of the counter-current distribution indicated the 
Substance to be homogeneous. During the entire purification the antago¬ 
nist was followed by microbiological tests with Lactobacillus casei. The 
major part of the potency of the crude reaction mixture was obtained in 
the final product. 

Analyses showed C 61.2, H 5.6, N 12.1, and glutamic acid ( 8 ) 21. Al¬ 
though this compound appeared to be pure, it was not the desired quinoxa- 
line, since theoretical values for C 21 H 20 O 5 N 4 are C 61.8, H 4.9, N 13.7, and 
glutamic acid 36. 

Quinoxaline-2-carboxylyl-p-aminobemoylglutamic Acid —To a cooled solu¬ 
tion of 4.2 gm. of p-aminobenzoylglutamic acid and 4 gm. of sodium 
hydroxide in 200 cc. of water were added with stirring and cooling 8 gm. 
of quinoxaline- 2 -carboxylyl chloride ( 9 ) in 100 cc. of ether and 2 gm. of 
sodium hydroxide in 20 cc. of water. The acid chloride and the sodium 
hydroxide were added alternately in small portions. The ether layer was 
separated and the water layer was acidified to pH 4 with concentrated 
hydrochloric acid. The product (10 gm.) melted at 128°. Two recrystal¬ 
lizations from alcohol raised the melting point to a constant value of 145°. 
The compound was a pale yellow crystalline substance sparingly soluble in 
H 2 0. 


C*iH I8 0«NYH 2 0. Calculated. C 57.3, H 4.5, N 12.7, glutamic acid (8) 33 
Found. “ 58.0, “ 4.6, “ 12.9, " “ 31 

The water of hydration was not lost upon heating at 100° for 1 hour. 

S-Amino-4 J^ihydroxypteridine-6-carboxylyl-p-aminobenzoylglutamic Acid 
—l.i gm. of isoxanthopterincarboxylic acid prepared according to the 
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method of Pumnann (10) were triturated in a mortar with 2 gm. of 
phosphorus pentachloride ancf 30 ec. of phosphorus oxychloride. The 
mixture was allowed to stand for 2 days at room temperature and was 
then freed of phosphorus oxychloride by evaporation under reduced pres¬ 
sure and extraction with dry petroleum ether. The crude acid chloride 
was condensed at 0° with a cold solution of 2 gm. of p-aminobenzoylglutamic 
acid dissolved in 20 cc. of 1 n sodium hydroxide. The reaction was 
maintained alkaline by frequent additions of sodium hydroxide. After 2 
hours hydrochloric acid was added to adjust the pH to 8, and a precipitate 
was separated by centrifugation and discarded. The solution was ad¬ 
justed to pH 3 to 4 with hydrochloric acid or with acetic aoid, and the 
orange precipitate which formed was collected and washed with water 
and then with alcohol. In some preparations tliis product contained 
isoxanthopterincarboxylic acid and this could be removed by taking ad¬ 
vantage of the insolubility in water of its sodium salt. Occasionally, 
difficulty was experienced in the formation of the acid chloride because of 
the insolubility of isoxanthopterincarboxylic acid. The acid chloride 
could be formed by heating the dry acid with dry phosphorus pentachloride 
in an oil bath at 100-120°; but even with this method, complete conversion 
was not obtained. Apparently replacement of the hydroxyl groups at 
positions 4 and 7 did not occur, since the final product contained only a 
trace of halogen. In precipitation of the condensation product with acid, 
care was exercised to avoid a low pH because glutamic acid was readily 
lost under such conditions (see the next section). The material could be 
obtained crystalline by very cautious acidification of a solution of the 
sodium salt, but this was not a practical procedure for the preparation of 
large amounts of crystals. The substance did not melt at 300°. 

CisHnOgNr. Calculated. N 20.8, glutamic acid 31 
Found. “ 21.0, “ “ 30 

2-Amino-4 , 7^ihydroxypteridine-6-carboxylyl-p-amirwbenzoic A cid —When 
an aqueous solution of the sodium salt of the analogue described in the 
previous paragraph was poured into boiling 1 n hydrochloric acid an 
orange precipitate formed which w T as apparently 2-amino-4,7-dihydroxy- 
pteridine-6-carboxylyl-p-aminobenzoic acid. This followed from the anal¬ 
yses which showed no glutamic acid and 25.0 per cent nitrogen (theory, 24.6). 
The substance was obtained as well formed crystals by adding alcohol 
to a saturated acetic acid solution, but this was not a practical method 
because of the low solubility of the compound in acetic acid. It did not 
melt at 300°. The instability of the glutamic acid residue in the analogue 
described in the previous section was illustrated further by the finding 
that boiling an aqueous suspension of the compound for 10 minutes reduced 
the glutamic acid content to 10 per cent. 
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Method of Biological Test with Bacteria —In order to measure any antago¬ 
nistic relationship of the compounds to pteroylglutamic acid, the medium 
described by Landy and Dicken (11) free of folic acid was used. For most 
of the tests this medium was fortified with 0.0001 y of pteroylglutamic 
acid 1 per cc. and Lactobacillus casei was employed. Other species were 
examined under similar conditions to determine the range of effectiveness 
of the compounds as growth inhibitors, and graded levels of the vitamin 
were studied in experiments to establish whether the antagonism with 
pteroylglutamic acid was competitive in nature. 

Graded amounts of a substance to be tested were added to a series of 
tubes containing a constant amount of the vitamin plus the basal medium. 
After inoculation, and incubation for 48 hours, the amount of growth in 

Table I 

Inhibitory Effect of 2-Amino-4>7-dihydroxypteridine-6-carboxylyl-p-aminobenzoyl- 
glutamic Acid on Lactobacillus casei in Presence of 0.0001 y of 
Pteroylglutamic Acid per Cc. 


Compound 

Turbidity* 

7 per cc. 


0 

71 

0.5 

80 

1.0 

88 

2.0 

93 

5.0 

96 


* P^xpressed as the per cent of incident light transmitted by the culture in com¬ 
parison to the uninoculated medium. 

each tube was determined both turbidimetrically and by measurement of 
pH, according to the usual procedures. Curves were then constructed 
which related the concentration of the inhibitor to the amount of growth, 
and from these the concentration required to cause half maximal inhibition 
of growth was estimated. A typical response of Lactobacillus casei to 
graded amounts of 2-amino-4,7-dihydroxypteridine-6-carboxylyl-p-amino- 
benzoylglutamic acid is illustrated by the data in Table I. 

Inhibition of Growth of Lactobacillus casei by Structural Analogues of 
Pteroylglutamic Acid —Table II contains data to show that the growth of 
Lactobacillus casei in the presence of 0.0001 y of pteroylglutamic acid per 
cc. was inhibited by most of the compounds related in structure to the 
vitamin. The analogues varied in potency, the most active being 2-amino- 
4,7-dihydroxypteridine-6-carboxylyl-p-aminobenzoylglutamic acid. 

Competition between Inhibitors and Vitamin —The growth-inhibitory 
action of each of the compounds was completely erased by increases in the 

1 We wish to thank Dr. E. L. R. Stokstad and Dr. T. H. Jukes of the Lederle 
Laboratories Division, American Cyanamid Company, for gifts of this material. 



Table II 

of Analogues Required for Half Maximal Inhibition of Growth of Various Microbial Species in Presence of 0,0001 y of 

Pteroylglutamic Acid per Cc. 

| Amounts required for half maximal inhibition for 




Requirement for pteroylglutamic; Required Required ! None I None j None j None None None 

_ -j ; ! , ; t 
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concentration of pteroylglutamic acid. Furthermore, the antagonism 
was competitive in nature. The data in Table III will demonstrate this 
fact in the case of 2-amino-4, 7-dihydroxypteridine-6-carboxylyl-p-amino- 
benzoylglutamic acid. Here it can be seen that, except for the smallest 
concentration of the vitamin, when the amount of the growth factor was 
doubled, the amount of inhibitor required to reduce growth to half maxi¬ 
mum likewise was doubled. 

Relative Effectiveness of Various Analogues on Number of Species —The 
data in Table II show the concentrations of each of the analogues which 
were required to cause the half maximal inhibition of growth of each of a 
number of bacterial species when tested in the presence of 0.0001 y of 
pteroylglutamic acid per cc. In contrast to the situation recently described 
for other types of antifolic acids (5, 6, 12), most of the present substances 
were more effective against Lactobacillus casei than against Streptococcus 

Table III 

Amounts of 2-Amino-4 , 7-dihydroxypteridine-6-carboxylyl-p-aminobenzoylglutamic 

Acid Required for Half Maximal Inhibition of Growth of Lactobacillus casei in 
Presence of Varying Amounts of Pteroylglutamic Acid 


Pteroylglutamic acid 

| Analogue required for half maximal inhibition 

7 per cc. 

7 per cc. 

0.0001 

0.7 

0.0002 

2.5 

0.0004 

5 

0.0008 

j o 

0.0016 

24 


faecalis. . In fact, some analogues seemed to be harmful only to Lacto¬ 
bacillus casei . Throughout the series the dependence of an inhibitory 
action on the organism’s nutritional requirement for pteroylglutamic acid 
was apparent (c/. (13)). 

Antagonism between 2-Amino-4,7-dihydroxy pteridine-6-carboxylyl-p- 
aminobemoylgluiamic Add and Pteroylglutamic Acid in Rats —Copenhagen 
strain rats weighing approximately 12*5 gm. were fed on bread and milk, 
and injected intraperitoneally with solutions to be tested. A single dose 
of 10 mg. of 2-amino-4,7-dihydroxypteridine-6-carboxylyl-p-aminobenzoyI- 
glutamic acid proved fatal within 24 hours, whereas 1 mg. per day for a 
week was tolerated. Simultaneous administration of 10 y of pteroyl¬ 
glutamic acid protected the animals against 10 mg. of the analogue. On 
the other hand, rats of this breed and weight tolerated daily intraperitoneal 
doses of 100 mg. of quinoxaline-2-carboxylyl-p-aminobenzoylglutamic acid 
(as the sodium salt) for at least a week. 
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SUMMARY 

Several structural analogues of pteroylglutamic acid have been prepared 
for the first time and shown to inhibit the growth of certain bacteria com¬ 
petitively with the vitamin. 2-Amino-4,7-dihydroxypteridine-6-carbox- 
ylyl-p-aminobenzoylglutamic acid was the most active of these, but quin- 
oxaline-2-carboxylyl-p-aminobenzoylglutamic acid and a substance formed 
by the reaction of dibromopropionaldehyde with o-phenylenediamine and 
p-aminobenzoylglutamic acid likewise were effective against Lactobacilli 
casei . Of the microorganisms tested, only those which required pteroyl¬ 
glutamic acid as a growth factor were prevented from multiplying by the 
presence of the analogues. 

BIBLIOGRAPHY 

1. Woolley, D. W., Harvey Lectures , 41 , 189 (1945-46). 

2. Woolley, D. W., Science , 100, 579 (1944). 

3. Woolley, D. W., J. Biol. Chcm., 154, 31 (1944). 

4. Angier, R. B., Boothe, J. H., Hutchings, B. L., Mowat, J. H., Semb, J., Stokstad, 

E. L. R., SubbaRow, Y., Waller, C. W., Cosulich, D. B., Fahrenbach, M. J., 
Hultquist, M. E., Kuh, E., Northey, E. H., Seeger, D. R., Sickels, J. P., and 
Smith, J. M., Jr., Science , 103 , 667 (1946). 

5. Hutchings, B. L., Mowat, J. H., Oleson, J. J., Stokstad, E. L. R., Boothe, J. H., 

Waller, C. W., Angier, R. B., Semb, J., and SubbaRow, Y., J. Biol. Chem., 170 , 
323 (1947). 

6. Martin, G. J., and Beiler, J. M., Arch. Biochem., 15 , 201 (1947). 

7. Craig, L. C., Golumbic, O., Mighton, H., and ^itus, E., J. Biol . Chcm., 161 , 321 

(1945). 

8. Hac, L. It., Snell, E. E., and Williams, R. J., /. Biol. Chem., 159 , 273 (1945). 

9. Maurer, K., Schiedt, B., and Schroeter, H., Ber. chem. Oes., 68 , 1716 (1935). 

10. Purrmann, It., Ann. Chem., 548 , 284 (1941). 

11. Landy, M., and Dicken, D. M., J. Lab. and Clin. Med., 27 , 1086 (1942). 

12. Daniel, L. J., and Norris, L. C., J. Biol. Chem., 170, 747 (1947). 

13. Woolley, D. W., Physiol. Rev., 27 , 308 (1947). 




ISOLATION AND ANTIFUNGAL ACTION OF NATURALLY 
OCCURRING 2-METHOXY-l ,4-NAPHTHOQUINONE* 

By JOHN E. LITTLE, THOMAS J. SPROSTON, and MURRAY W. FOOTEf 

(From the Departments of Agricultural Biochemistry and Botany of the Vermont 
Agricultural College of the University of Vermont, Burlington) 

(Received for publication, February 17, 1948) 

41 

Several antibiotic compounds have been isolated from green plants. 
Those which have been structurally identified ate citrinin (1-4), dicumarol 
(5-7), and protoanemonin (8, 9). Other less well defined factors are an oil 
from Allium sativum (10-12), a colorless crystalline compound from Arc¬ 
tium minus (13), Products A and B from Asarum canadense (14), cassic acid 
from the leaves of Cassia reticulata (15), crepin from the buds and flowers of 
Crepis taraxacifolia (16), a low melting compound from the leaves and 
flowers of Spiraea aruncus (17), and tomatin, occurring in Lycopersicon 
esculentum (garden tomato) (18). An antibacterial substance has also been 
extracted from TiUandsia usneoides (Spanish moss) (19), and the milky 
juice of crushed water chestnuts has been shown to inhibit the growth of 
Staphylococcus aureus, Escherichia coli, and Aerobacter aerogenes (20). 

Many of these materials have been tested for activity exclusively against 
strains of the common test bacteria used in most laboratories to determine 
effectiveness against zoopathogenic organisms. For the most part these 
compounds have been found to be of little use to date because of low po¬ 
tency, toxicity to animals, and low stability. 

Work in this laboratory has been directed toward the discovery, purifica¬ 
tion, and characterization of compounds occurring in plants which may be 
useful against phytopathogens causing destructive plant diseases. Such 
compounds should be less toxic to plant cells and might therefore be used 
advantageously for the control of plant pathogens. 

This report deals with the discovery, isolation, and identification of 2- 
methoxy-1,4-naphthoquinone occurring in garden balsam (Impatiens 
balsamina L). A short description of its antifungal activity is included. 
A semiquantitative assay procedure with an alcohol-tolerant strain of 
yeast as the susceptible test organism was used to facilitate the isolation. 
The utilization of this yeast permitted the testing of 100 per cent ethyl 
alcohol extracts of the plant material. This assay procedure is described. 

•This research was partially supported by a grant from the Herman Frasch 
Foundation. 

t We are indebted to Mr. Allen T. Jones, Mr. Andrew J. Culver, and Mr. William 
W. Scott for the development and use of the microbiological assay procedures. 
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This naphthoquinone has been synthesized previously (21-23) but has 
not been reported as a natural product, although lawsone (2-hydroxy-1,4- 
naphthoquinone) was isolated from the leaves of Lawsonia inermis L 
(24-27). 

The antibiotic compounds, fumigatin, javanicin, and spinulosin, are 
known to be methoxyquinones. Many other methoxyquinones have been 
found to possess marked antibiotic activity (28-30). 

EXPERIMENTAL 

Microbiological Procedures —The activity of crude juices obtained from 
Impatiens balsamina L was tested by the cylinder plate method described 
by Irving (31) with the Robbins agar medium (32). Media were adjusted 
to pH 7.0 with 0.05 n NaOH. Bacterial inoculum was produced in broth 
in 24 hours at 37°. Fungus spores were produced at 20° on Robbins* 
agar slants in 7 to 9 days. Yeast cells were propagated on Robbins* agar 
slants at 20° in 48 hours. On test plates bacteria grew only fairly well 
after 18 hours incubation, at which time zone readings were made. Fungus 
culture zone plates were stored at a constant temperature of 20° and, after 
incubation of 72 and 96 hours, readings were taken. The yeast was kept 
at 20° and cultures could be read after 48 hours incubation. Four peni- 
cylinders were placed on each Petri dish immediately after the agar had 
hardened and each filled with 0.3 ml. of liquid. 

The red yeast Rhodotorula glutinis Harrison 1 served excellently as a test 
organism for alcohol solutions of crude juice extracts or for pure solutions 
of the crystalline material. In early work the organism was grown on 
agar slants and inoculum was produced by washing the slants with water. 
This 10 ml. suspension was added to 100 ml. of agar before flooding each 
test Petri dish with 3.0 ml. However, it was found more reliable and 
convenient to grow the yeast cells in Hansen’s No. 2 liquid-aerated medium 
(33) for 4 days at room temperature. This cell suspension was then kept 
in the refrigerator at 8-10° and drawn on for uniform samples. Cells 
counted by means of a Levy chamber ran about 600 million per ml. When 
diluted with agar, this would mean that there were approximately 143 X 
10 4 cells per sq. cm. 

LDm values and dosage-response curves were obtained by standard 
procedures (34) with Monilinia ( Sclerotinia ) fruclicola as the test organism. 

Isolation Procedure —After many trials the following method was de¬ 
veloped. 675 gm. of the dried ground flowers of Impatiens balsamina L 
were extracted by stirring for 30 minutes with 4000 ml. of absolute ether. 
The slurry was filtered on a Biichner funnel and the cake extracted again 

1 The yeast Rhodotorula glutinis Harrison was identified by Professor F. M. Clark 
of the University of Illinois. 
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with 4000 ml. of ether. After filtration the filtrates, which were orange- 
yellow in color, were combined and concentrated to 1800 ml. This solu¬ 
tion was run through a chromatograph column packed with 240 gm. of 
Brockmann’s alumina. The filtrate which contained the active material 
was concentrated to dryness in vacuo and 900 ml. of petroleum ether 
(boiling point range, 35-45°) were added. After stirring for 20 minutes 
the material was filtered on a sintered glass funnel and the precipitate 
Washed with petroleum ether and dried on the funnel. 507 mg. of a yellow 
crystalline material melting $t 177-179° were obtained. This material 
was purified by repeated crystallization from absolute ethanol after treat¬ 
ment with norit and after filtering the hot solution. The highly purified 
material crystallized as light yellow needles and melted sharply at 183.5°. 

Chemical Properties —The compound was found to be extremely soluble 
in chloroform and benzene, moderately soluble in alcohol and ether, and 
almost insoluble in water and petroleum ether. It was neutral to litmus 
and did not dissolve in aqueous acids. It dissolved in 3 n NaOH, giving a 
dark red solution. Acidification of this solution reprecipitated a yellow 
crystalline material. 

No color was obtained with ferric chloride solution. A solution of the 
material in alcohol rapidly decolorized KMn (>4 with the formation of 
Mn0 2 . 

The material sublimes below the melting point and has a mild phenolic 
odor. 

Structure Proof —A sodium fusion proved the absence of sulfur, nitrogen, 
and halogen. 

Molecular weight by the Rast method was 168. This was later shown 
to be low, but explainable in the light of unreliability of this method, as 
applied to naphthoquinones. 

Microanalysis 2 of a sample of the material melting at 183.5° gave the 
following values. 

Analysis —CnHgO* (188.2) 

Calculated, C 70.20, H 4.28; found, C 70.36, H 4.22 

Since the analysis and properties of the material suggested either a 
methoxy- or a methylhydroxynaphthoquinone, a methoxyl determination 
was carried out with the following results. 

Analysis—* CioHgOs-OCHj (188.2) 

Calculated, methoxyl 16.49; found, 16.62 


* All microanalyses were carried out by the Clark Microanalytical Laboratory, 
Urbana, Illinois. 
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In order to determine the location of the methoxy group a sample of 
the compound was first hydrolyzed to remove the methyl group (21), and 
then oxidized with HjO* as follows. 

103 mg. of the demethylated material were dissolved in a minimum 
amount of 0.1 n NaOH by warming gently. The solution was cooled to 
room temperature and 5 ml. of superoxol added. After 2 horns a red 
crystalline precipitate separated but immediately redissolved upon the 


20 



220 240 260 280 320 340 360 


Fig. 1 . Comparison of the ultraviolet light absorption curves of synthetic (Curve 
S) and natural (Curve N) 2-methoxy-l,4-naphthoquinones. The values for the 
synthetic compound are expressed as « X 10~* +1000 so that the curves will not be 
superimposed. 

addition of a few drops of 12 n NaOH. After 5 hours standing at room 
temperature the solution became colorless. This was extracted ten times 
with an equal volume of ether to remove the excess H 2 0 2 . The solution 
was acidified by the addition of 3 ml. of 3 n HC1 and extracted ten times 
with an equal volume of ether. The ether extract was concentrated to 
dryness in vacuo and the residue dissolved in 3 ml. of absolute alcohol and 
filtered. The alcohol was removed by evaporation and the solid material 
redissolved in a minimum of hot water. Norit was added and the solu¬ 
tion filtered hot. Upon cooling a precipitate of colorless prismatic crystals 
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was obtained. This compound was reciystallized from hot water. The 
yield was 45 mg. The ground material melted at 191° with effervescence, 
resolidified at 108°, and remelted at 131°. There was no change in these 
values when the material was mixed with an equal quantity of phthalic 
acid. The analysis for this material was close to that for phthalic acid. 

Analysis —CgHgCh (166.1) 

Calculated, C 67.84, H 3.64; found, C 67.72, H 3.58 

It was obvious, after identification of the oxidation product as phthalic 
acid, that the methoxy group was associated with the quinone ring 6f 

Table I 

Zone Sizes Obtained against Various Organisms with Extract * of Impaiiens 

balsamina L 


Test organism Zone 

Monilinia fructicola 9962f. 32.0 

Colletotrichum lindemuthianvm Vt-2.. 31.3 

Aspergillus niger 9642f. 18.0 

Penicillium notatum 9178f_ . 39.2 

Pythium debaryanum 9998f. 16.0 

Trichophyton mentagrophytes 9533f. 0 

Ustilago avenae 10056t. 0 

Rhodotorula glutinis Vt-3-1. 35.6 

“ “ Vt-3-11. 35.6 

Escherichia colt 96371. 0 

Staphylococcus aureus 9144f. 37.7 

“ “ 6538Pf. 37.7 

Florey strain (England).j 30.5 


* The extract was prepared as follows: 10 gm. of dried, ground flowers were ex¬ 
tracted by stirring for i hour in 40 ml. of absolute alcohol. The slurry was filtered 
and the residue washed once with absolute alcohol. The filtrate was concentrated 
at 15° in vacuo to 20 ml. To this filtrate 70 ml. of distilled water were added and the 
solution again concentrated in vacuo to 30 ml. The solution was neutralized with 
NaOH and drawn through a Seitz filter* 1 ml. represents 0.33 gm. of dried material, 
t American Type Culture Collection. 
t Alcohol solution. 

naphthoquinone, and it was suspected that the compound was 2-methoxy- 
1,4-naphthoquinone. This was confirmed by a spectrophotometric com¬ 
parison with the pure synthetic compound (21). Solutions of both the 
natural and synthetic compounds were prepared by dissolving 10 mg. in 
250 ml. of absolute alcohol which had been purified by treatment with 
norit followed by distillation. Higher dilutions were made when necessary 
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to maintain the sensitivity of the readings. The absorption readings were 
made on a Beckman model DU spectrophotometer. A comparison of the 
curves in Fig. 1 will show that the two compounds are identical. Also a 
mixed melting point (183.5°) showed no depression when compared to that 
of either compound. 

Antifungal Activity —Table I lists the zone sizes obtained against several 
phytopathogenic fungi and against the assay yeast when tested as pre¬ 
viously described. Both alcohol and water extracts were tested against 
the yeast. While the solubility in water is low, it was found that 10 mg. 
could be dissolved in 1000 ml. of distilled water if the material was finely 
ground and the suspension warmed to 70°. 

Table II shows the effect of dilution upon the yeast assay zones. 


Table II 

Effect of Dilution on Zone Sizes for Naturally Occurring 2-Methoxy-1 ^-naph¬ 
thoquinone with Rhodotorula gluiinis As Test Organism 


Dilutions . 

1:0 

1:2.5 

1:5 

1:7.5 

1:10 

1:15 

1:25 


mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

Zones in alcohol solution (25.1 mg. 
per 100 ml.) 

37.3 

35.1 

30.6 

22.1 

19.6 

15.6 

8 

Zones in water solution (9.6 mg. per 
100 ml. supersaturated) 

24.7 

10.0 

8 

8 

8 

8 

8 


The LDso values (34) against Monilinia ( Sclerotinia ) fructicola for the 
natural and synthetic 2-methoxy-l ,4-naphthoquinone were 0.00365 mg. 
per ml. and 0.00310 mg. per ml. respectively. The slopes of the dosage- 
response curves were 0.784 for the natural and 0.853 for the synthetic 
material. The methoxy compound was considerably more active than was 
lawsone. 

Toxicity of a solution containing 10 mg. of the material in 1 liter of 
distilled water was tested against 3 week-old tomato and bean plants. 
No phytotoxicity was evident. 


DISCUSSION 

The isolation of 2-methoxy-l,4-naphthoquinone from a plant source, 
combined with the finding that this compound is non-toxic to tomato and 
bean plants, suggests that perhaps this material would have value as a 
fungicide. The high potency, as expressed in the LD W values and the 
slope of the dosage-response curve, also supports this idea. While its 
water solubility is low, it is certainly no lower than that of other common 
fungicides such as phygon and has the possible advantage of lower phyto¬ 
toxicity. 
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The synthesis is relatively simple and cheaper methods could probably 
be developed. 

The high antibiotic potency of methoxy-, as compared to hydroquinones, 
has been noted previously (30) and is confirmed in this instance, 

SUMMARY 

1. The existence of 2-methoxy-l, 4-naphthoquinone in plant cells was 
established by its isolation from Impatiens balsamina L (garden balsam). 

2. Details of its identificatioaare presented. 

3. The material is non-toxic to young tomato and bean plants in con¬ 
centrations two to three times its LD&o value. 5 

4. Activities against several phytopathogenic organisms and others 
are listed. 
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THE LECITHIN, CEPHALIN, AND SPHINGOMYELIN 
CONTENT OF SERUM* 


I. AS INDICATED BY THE CHOLINE-PHOSPHORUS AND 
NITROGEN-PHOSPHORUS RATIOS 

By R. G. SINCLAIR 

With the Assistance of Heney Tsuyuki and Eve Minovitch 

(From the Department of Biochemistry , Queen's University , Kingston , Canada ) 

(Received for publication, February 7, 1948) 

In 1944 Taprog, Entenman, and Chaikoff (13) reported that the ratio of 
choline to phosphorus in the acetone-insoluble lipides of human and dog 
plasma was close enough to 1.0 to justify the conclusion that cephalin was 
almost, if not entirely, absent. Although instances of the absence of 
^cephalin from plasma had been reported before (1, 8, 14), most of the 
earlier work (cited in (13)) had indicated that some 20 to 40 per cent of 
the plasma phospholipides consisted of cephalins, or at least of non-choline- 
containing phospholipide. In spite of the wealth and consistency of the 
data presented by Taurog et al. (13) and later by Entenman and Chaikoff 
(3), a further and independent study of the problem seemed desirable. 
This was the primary object of the present work. However, the study 
was extended to the serum of beef, pig, and turkey, as well as to human 
and dog sera. Furthermore, the experiment was so planned as to obtain 
information on the sphingomyelin and lecithin, as well as on the cephalin, 
content of the various sera. 

It so happened that at the same time Hack (9) had undertaken a some¬ 
what similar study of the composition of human plasma phospholipides. 
His data show that in the fasting human subject the plasma phospholip¬ 
ides, on the average, consist of 79 per cent lecithin, 16 per cent sphingomye¬ 
lin, and 5 per cent cephalin. In the individual subjects, however, ceph¬ 
alin was found to vary from 0 to 17 per cent of the total. 

The general plan of the present work was to isolate the lipides from 
relatively large volumes of serum or plasma, to fractionate them into 
acetone-soluble and acetone-insoluble fractions, and to purify the latter 
in such a way as to insure that it contained only lipide nitrogen, phosphorus, 
and choline. Dialysis was chosen as the most satisfactory method of 
removing non-lipide impurities. The choline to phosphorus (C:P) ratio 

* Reported before the American Society of Biological Chemists at Chicago, May, 
1947. This work was supported by a grant from the Division of Medical Research, 
the National Research Council. 
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was taken to be a valid measure of the percentage of lecithin plus sphingo¬ 
myelin. The difference between the N: P ratio and 1.0 was assumed to be a 
measure of the percentage of sphingomyelin in the total phospholipide. 
The validity of these two assumptions is dealt with in the accompanying 
paper (12). 


EXPERIMENTAL 

The lipides were isolated from three lots of beef sera, two of pig sera, 
two of pooled turkey sera, one of pooled dog sera, and one of pooled human 
sera. 1 All animals were either fasting or in a postabsorptive state. The 
volume of serum extracted ranged from 585 to 1170 ml. In addition, the 
lipides were extracted from the heparinized plasmas of four young men in a 
postabsorptive state. 

Extraction —The details of the procedure employed were not strictly 
uniform throughout. Slight modifications were introduced with each 
successive experiment. Nevertheless, the general plan was the same and 
was as follows: The freshly drawn blood was collected in 250 ml. centrifuge 
bottles, chilled as soon as possible, and centrifuged in a refrigerated room. 
The pooled serum was recentrifuged. A small aliquot (5 or 10 ml.) was 
taken for determination of the lipide phosphorus content as a check on the 
completeness of the extraction of the main lot. This main lot was poured, 
with shaking, into 3 volumes of acetone. The mixture of serum and 
acetone was let stand at —33° to —35° and then filtered with suction at the 
same temperature. The object of this step was to precipitate most of the 
serum lipides, particularly the phospholipides, along with the proteins 
and to remove most of the serum water with the acetone. The filter cake 
was divided into suitable portions, thoroughly mixed in a Waring blendor 
with an alcohol-ethyl ether mixture (3:1), let stand a short while with 
frequent shaking, and then filtered with suction. This alcohol-ether ex¬ 
traction was repeated. The filter cake was now blended with ethyl alcohol, 
poured into a sac made of filter paper, and extracted in a reflux extractor. 8 
The filter paper and serum proteins were again mixed with alcohol and 
further extracted with hot alcohol. It was evident that the amount of 
lipide extracted by the two hot alcohol extractions made up a very small 
proportion of the whole. 8 

1 The author is indebted to Dr. A. L. Fisher, the Connaught Laboratories, the 
University of Toronto, for the pooled human serum. 

* This reflux extractor consisted of a Pyrex percolator connected to a 600 ml. 
Erlenmeyer flask and a 1 liter round bottomed flask as condenser. 

'The completeness of the extraction procedure was demonstrated in two ways: 
In several cases the final alcohol extract was evaporated separately and the residue 
Was extracted with petroleum ether-chloroform (2:1). The latter extract was 
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Evaporation of Extract *—The acetone extract, containing most of the 
serum water, was evaporated at about 40° under reduced pressure and in a 
gentle stream of nitrogen until water began to condense in the connecting 
tube. Little trouble from foaming was met with. The turbid concentrate 
was extracted twice with ethyl ether. The latter was put away in the 
refrigerator. The aqueous mother liquor now contained an insignificant 
amount of lipide, as shown by evaporation to complete dryness followed 
by extraction of the residue. 

The alcohol-ether and alcohol extracts were evaporated as above, suc¬ 
cessive extracts being added as the earlier extracts became concentrated. 
The evaporation proceeded smoothly to dryness at 35-40° without any 
trouble from foaming. Finally the ether extract of the initial acetone 
extract was added and evaporated to dryness. 

Fractionation —The light or deep yellow residue (depending on the 
species) was now repeatedly extracted with successive small portions of a 
petroleum ether-chloroform mixture (2:1) (PE-CHCla). The insoluble 
portion was removed by centrifuging. The solution was aspirated into 
100 ml. of acetone. The almost white precipitate that formed was packed 
by centrifuging and the clear acetone supernatant was poured off. The 
precipitate was redissolved in PE-CHClg, centrifuged free of a small amount 
of insoluble material, and again precipitated with acetone. The acetone 
precipitation was repeated. The acetone-insoluble material was again 
dissolved in PE-CHCls and put away in the refrigerator. 

The three acetone supernatants were combined and evaporated almost 
to dryness in a stream of nitrogen under reduced pressure. The lipide 
residue was repeatedly extracted with warm acetone. The acetone ex¬ 
tract was allowed to cool to room temperature and the resultant precipitate 
collected by centrifuging. The acetone-insoluble material was added to 
the earlier crop. To the clear acetone was now added 1 ml. of a saturated 
solution of magnesium chloride in ethyl alcohol. After vigorous shaking, 
the precipitate was centrifuged. The resultant clear acetone solution 

evaporated and weighed. The weight in all cases was very small. In several of the 
experiments, a small aliquot (5 or 10 ml.) of the serum was extracted exhaustively in 
an .all-glass extraction outfit (Corning Glass No. 5200) with alcohol-ether (3:1) and 
alcohol. This extract was evaporated to dryness under reduced pressure and the 
lipides taken up in petroleum ether. The latter was concentrated and the lipides frac¬ 
tionated with acetone, with MgCla to insure complete precipitation of the phospho- 
lipides. The phosphorus in the latter was determined colorimetrically. The yield 
of lipide phosphorus per 100 ml. of serum with the larger scale extraction in all cases 
was close to that of the small scale extraction, e.g. for pig serum 3.63 and 3.64 mg. 
respectively; for beef serum 2.88 and 2.92 mg. respectively, and for dog serum 12.64 
and 11.89 mg. respectively. 
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was found by analysis to contain not more than a trace of phosphorus. 
It was saved for further study. ' 

The precipitate of magnesium chloride and phospholipide was emulsified 
with water and dialyzed. The phospholipide emulsion was dried under 
reduced pressure. The resultant relatively small crop of phospholipide 
was either weighed and analyzed separately or combined with the main 
lot of acetone-insoluble material. An aliquot of this latter was now taken, 
dried, and analyzed for nitrogen, phosphorus, and choline. 

Purification —It is well known from the observations of others, partic¬ 
ularly MacLean (11), that the phospholipides isolated by acetone pre¬ 
cipitation from the total lipide extracts of tissues contain quite large 
amounts of non-lipide impurities which are rich in nitrogen. The gross 
contamination of the phospholipides similarly obtained from blood plasma 
or serum has also been clearly demonstrated by the work of Folch and 
Van Slyke (7) and of Christensen (2). However, no data on the relative 
proportions of phospholipide and non-lipide impurities in the acetone-in¬ 
soluble lipides from sera seem to have been published. 

Such data have been obtained in this present work by dialyzing the 
emulsions of the crude acetone-insoluble lipides and determining the 
decrease in weight. Since the material was analyzed for nitrogen, phos¬ 
phorus, and choline, both before and after dialysis, the change in these 
components as a result of the dialysis could be calculated. For dialysis, 
the acetone-insoluble lipide was freed from organic solvent under reduced 
pressure, emulsified with water, and transferred quantitatively to a Visking 
sausage casing. Dialysis was carried out at +4° for 3 to 5 days in a rock¬ 
ing device against a steady flow of distilled water. The emulsion was 
kept stirred by marbles inside the sac. The lipide emulsion was now 
dried under reduced pressure at a low temperature. The lipide residue 
dissolved in PE-CHCls to form a clear, very faintly yellow solution. 

Analysis of these dialyzed serum phospholipides showed that the ab¬ 
solute content of N, P, and choline was below that calculated for a mixture 
of lecithin, cephalin, and sphingomyelin. After considerable study it was 
discovered that, in spite of the earlier repeated precipitations with acetone, 
the material contained an appreciable amount of free fatty acids together 
with a small amount of neutral lipide that gave a strong reaction for fatty 
aldehyde with SchifFs reagent (5). These could be removed by precipita¬ 
tion of the dialyzed phospholipide with acetone. 

Accordingly the following procedure was adopted: The bulk of the 
phospholipide was precipitated from the concentrated PE-CHC1* solution 
with acetone. The precipitate was washed once with acetone and then 
taken up in PE-CHC1* and stored in the refrigerator. To the clear super¬ 
natant acetone, magnesium chloride in alcohol was added and the resultant 
precipitate centrifuged. This further crop of phospholipide was emulsified 
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with water, dialyzed free of magnesium chloride, dried, and combined 
with the bulk of the phospholipide. 

Analyses —Aliquots of the PE-CHC1* solutions were freed of solvent in 
a stream of Ns and dried over PjO s . This weighed sample was redissolved 
in chloroform. A suitable aliquot (40 to 100 mg.) was pipetted for the 
determination of nitrogen and phosphorus and another aliquot for choline 
determination. 

For nitrogen and phosphorus analysis, the sample was digested with 3 ml. 
of fuming sulfuric acid and 1 gm. of catalyst (copper sulfate 1 part, potas¬ 
sium sulfate 0 parts) for at least 4 hours on an electric heater. A small 
piece of sintered glass served as an efficient antibumping agent. The 
digest was dissolved in 25 ml. of distilled water. A 10 ml. aliquot was 
distilled in a micro-Kjeldahl apparatus 4 to determine the nitrogen content, 


Table I 

Replicate Analytes on Egg Lecithin 


* Date 

N 

P 

Choline 

N:P 

C:P 


per cent 

per cent 

percent 



Jan. 25 

1.80 

3.91 


1.02 


" 27 

1.75 

3.80 

16.95, 16.81 

1.02 

0.99 




10.90, 16.90 



Feb. 3 

1.80 

3.96 


1.01 


“ 18 

1.83 

3.99 

17.35 

1.01 

0.97 

Mar. 13 

1.79 

3.95 

17.18 

1.00 

0.97 

Apr. 14 

1.70 

3.95 

17.19, 17.00 

0.99 

0.96 

“ 22 



16.93, 16.82 



Average. 

1.79 

3.93 

17.00 

1.01 

0.97 


boric acid being used to absorb the ammonia. A 2 ml. aliquot, diluted to 
25 or 50 ml., was used to determine the phosphorus content by the method 
of Fiske and Subbarow (6). 

Choline was determined by the method of Entenman and Chaikoff (3), 
as prescribed by the authors, except that the choline reineckate was dis¬ 
solved in 10 or 25 ml. of acetone in volumetric flasks. 

All colorimetric measurements were made with a Coleman No. 11 
spectrophotometer. 

The three analytical methods were checked repeatedly by analyzing 
known solutions and also by the analysis of a purified sample of egg yolk 
lecithin. 

Since the latter results offer the best basis for assessing the significance 
of the data obtained on the sera phospholipides, they are set forth in com¬ 
plete form in Table I. These data need little discussion. Inspection 

4 Scientific Glass Apparatus Company No. M-3065. 
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shows that the range in the C:P ratio, to which particular importance will 
be attached, is of the order of 0.03. Since the purified egg lecithin con¬ 
tained no detectable amino N, the correct C:P ratio is presumably 1.00. 
The data indicate that the choline values tended to be somewhat too low. 
It has been our experience that one of the larger sources of variation in the 
absolute percentages of nitrogen, phosphorus, and choline is the difficulty 
in getting the true dry weight of the sample, due to the tendency of phos- 
pholipide to retain water or alcohol, on the one hand, and to oxidize on the 
other. The procedure used in this study was so chosen as to minimize 
factors that could reduce the accuracy of the N:P and C:P ratios. 

Table II 


Composition of Acetone-Insoluble Lipides 


Serum 

N 

P 

Choline 

N:P 

C:P 

Pooled human... 

Percent 

2.40 

percent j 

2.70 

per cent 

12.20 

1 07 

1.00 

Human I*. 

1.98 

2.51i 

| 


fl.75 

11.71 

“ II*. 

2.39 

3.091 

t 

10.84 


0.92 

“ HI*. 

2.29 

3.081 

I 

13.04 


11.65 

0.92 

“ IV*. 

2.22 

3.16J 

\ 


[1.56 

2 23 

Beef I. 

2.49 

2.47 


11.40 


1.03 

“ Ha. 

2.65 

2.95 

12.84 

1.99 

0.97 

“ lib... 

2.67 

2.91 

12.80 

2.03 

0.98 

Pig I. 

2.84 

2.57 

12.45 

2.45 

1.08 

* *6 . 

“ II. 

2.66 

2.22 

11.29 

2.66 

1.13 

Doe. 

3.40 

3.17 

14.36 

2.38 

1.01 

Turkey It... 

1.53 

2.34 

9.50 

1.45 

0.90 

“ Ilf. 

1.71 

2.49 


9.20 


1.52 

0.82 

1..* • *.* 




* In these cases plasma was used, 
f AH material insoluble in cold ether was removed. 


Remits 

The data on the nitrogen, phosphorus, and choline contents and on the 
N:P and C:P ratios of each of thirteen samples of the acetone-insoluble 
lipides from serum or plasma are given in Table II. Attention is first 
directed to the experiment in which two 1 liter portions of the same lot of 
beef serum (Ha and b) were carried in parallel through the entire procedure. 
Hie closeness of the analytical data supplements those presented in Table I 
on egg lecithin in demonstrating the satisfactory precision of the methods 
used. 

From the point of view of the primary purpose of the study, the C:P 
ratios given in the laBt column in Table II are of the most interest. It may 
be seen that in the case of the pooled human, beef, and dog sera, the C:P 
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ratios are, within the error of the methods, equal to 1.00. These data 
thus can be regarded as a complete confirmation of the results of Taurog 
et al. (13). On the other hand, the C:P ratios bn the acetone-insoluble 
lipides from human plasma and especially from turkey serum were definitely 
below 1.00, indicating the presence of a significant proportion of cephalin. 
In the case of the two pig sera, the C: P ratios were significantly above 1.00. 

The magnitude of the nitrogen values and of the N:P ratios for the 
crude acetone-insoluble lipides from serum shows very strikingly how 
grossly contaminated these lipides are by nitrogen-rich impurities. How¬ 
ever, this is brought out still more clearly by the data in Table III which 
show the percentage loss in weight, nitrogen, phosphorus, and choline on 
dialysis of twelve samples of serum acetone-insoluble lipides. It may be 


Table III 

Per Cent Lose by Dialysis of Crude Acetone-Insoluble Lipides 


Serum 

Weight 

N 

P 

n«>l|wa 

Pooled human. 

20.5 

27.0 

1.5 

10.5 

Human I. 

36.0 

33.4 

3.8 

“ II. 

21.8 

29.2 

0 


“ III. 

26.0 

31.2 

7.3 


“ IV. 

21.5 

27.0 

2.4 


Beef I. 

37.6 

46.5 

10.9 

11.8 

“ Ila. 

28.7 

39.6 

8.1 

12.1 

Pig I. 

35.2 

52.8 

7.8 

19.5 

“ II. 

40.1 

51.9 

1.4 

12.2 

Dog. 

25.7 

57.4 

14.2 

16.7 

Turkey I. 

24.5 

32.0 

0 

15.4 

“ II. 

24.3 

40.9 

12.4 

5.1 


seen that from 21 to 40 per cent of the crude material diffused through the 
membrane and was, therefore, presumably non-lipide in nature. From 
27 to 57 per cent of the nitrogen was diffusible. The loss in phosphorus 
was in some cases insignificant, in others quite appreciable. In all cases 
choline was lost during dialysis in amounts ranging from 5 to 20 per cent 
of.the total. 

In assessing the meaning of these losses, particularly of choline, one 
naturally wonders whether or not appreciable hydrolysis of phospholipide 
could occur during the 3 to 5 day dialysis at +4°. To settle this question 
a sample of almost pure egg lecithin was dialyzed for 5 days and then put 
through the standard procedure. Of the initial material 95.6 per cent was 
recovered by drying the emulsion left in the sac. The percentages of N, 
P, and choline on the non-dialyzed and dialyzed lecithin were as follows: 
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1.70, 1.79; 3.95, 3.93; 17.18, 17.07. There were, therefore, only a slight 
loss in weight and no detectable change in the composition of lecithin as a 
result of the dialysis. The very considerable and consistent loss of weight 
and of choline, and the less striking loss of phosphorus during the dialysis 
of the crude acetone-insoluble lipides from sera, presumably, therefore, 
are due to the removal of non-lipide contaminants.* 

The N, P, and choline contents and the N: P and C: P ratios of the eleven 
samples of serum or plasma phospholipides after purification by dialysis 
and reprecipitation by acetone are shown in Table IV. 


Table IV 

Composition of Acetone-Insoluble Lipides after Dialysis and 
Reprecipitation by Acetone 


Serum 

N 

P 

Choline 

N:P 

C:P 

Pooled human*. 

percent 

2.28 

per cent 

3.64 

per cent 

15.03 

1.39 

0.92 

Human If. 

2.06 

3.78 

15.87 

1.21 

0.93 

» iit. 

2.17 

3.97 

16.46 

1.21 

0.92 

" Hit. 

2.13 

3.86 

16.22 

1.22 

0.94 

“ IVf. 

2.07 

3.93 

16.29 

1.17 

0.92 

Beef I*. 

2.14 

3.80 

16.57 

1.25 

0.97 

“ II(a + b).. 

2.37 

3.99 

17.16 

1.32 

0.96 

Pig I + II*. 

2.09 

3.80 

(16.57) t 

1.22 

(0.97)t 

Dog*. 

2.01 

3.88 

16.40 

1.15 

0.94 

Turkey I§. 

1.63 

3.64 

12.98 

0.99 

0.79 

" II§. 

1.61 

3.40 

11.93 

1.05 

0.78 


* The portion insoluble in cold petroleum ether had been removed. 

t In these cases plasma was used. 

t These analyses apply to the dialyzed phospholipide before precipitation with 
acetone. 

' § All ether-insoluble material had been removed. 

It is clear that in all cases except the two lots of turkey sera* the phos¬ 
pholipides contained not more than about 3 to 8 per cent of cephalin. The 
turkey serum phospholipides contained slightly over 20 per cent cephalin. 

As stated above, it was tentatively assumed that the N :P ratios of the 
purified phospholipides could be taken as a measure of the sphingomyelin 
content. On this basis, the data in Table IV indicate that sphingomyelin 

' It is of course uncertain whether diffusable choline is present in the crude acetone- 
insoluble lipides or whether some other contaminant gives an insoluble reineckate 
and thus contributes to the apparent choline present. 

' Dr. I. L. Chaikoff has informed the author that the C:P ratios of chicken plasma 
phospholipides have been found to range between 0.89 and 0.92. 
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made up from 15 per cent of the phospholipides in dog serum to 32 per 
cent in beef serum. The considerably higher value feu: the N:P ratio of 
the phospholipides from the pooled human serum than from the four 
samples of human plasma calls for comment. The explanation is not at 
all clear. It may, however, be the result of some cleavage of phospholipide 
during the storage of the pooled serum and that this hydrolysis affected 
the lecithin more than the sphingomyelin. It is noteworthy that the yield 
of phospholipide from the pooled serum was lower than from the fresh 
plasmas. The low values for the N:P ratios of the phospholipides of the 
turkey sera were due to the fact that the ether-insoluble portion has been 
removed and analyzed separately. 

A comparison of the absolute values for the N, P, and choline contents 
of the various samples of serum or plasma phospholipides after purifica- 


Table V 

Amount and Composition of Phospholipide in Serum or Plasma 


Source 

Total 

lipideP 

Total phoa- 
pholipide 

Lecithin 

Cephalin 

Sphingo¬ 

myelin 


mg. per 100 
ml. 

mg. per 100 
ml. 

mg. per 100 
ml. 

mg. pet 100 
ml. 

mg. per 100 
ml. 

Pooled human. 

5.11 

140 

74 

11 

55 

Human Plasma I. 

7.87 

208 

150 

14 

44 

44 44 II. 

6.57 

165 

117 

13 

35 

14 44 III. 

5.92 

154 

111 

9 

34 

44 44 IV.. 

10.07 

256 

192 

20 

44 

Beef Serum I. 

3.16 

83 

60 

2 

21 

4 4 4 4 II. 

2.98 

75 

48 

3 

24 

Pig Serum. 

3.63 

96 

72 

3 

21 

Dog 44 . 

14.18 

365 

288 

22 

55 


tion with those required of a mixture of lecithin, cephalin, and sphingo¬ 
myelin shows reasonably satisfactory agreement. The agreement in the 
phosphorus values is especially significant, since it indicates that cerebro- 
Bides are not an important component of the acetone-insoluble lipides and 
thus lends support to the use of the N:P ratio as a measure of the sphingo¬ 
myelin content. This point is more directly dealt with in the accompany¬ 
ing paper (12). 


DISCUSSION 

It is very evident that the data presented in this paper strongly support 
the conclusion first reached by Taurog et al. (13), and later confirmed by 
Entenman and Chaikoff (3) and by Hack (9), that the phospholipides in 
human and in dog plasma are mainly choline-containing, and thus that 
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cephalin is at most a minor component. Hie same has now been shown 
to hold for the serum phospholipides of the beef and of the pig. On the 
other hand, it is clear that this small proportion of cephalin cannot be 
regarded as a fixed characteristic of plasma phospholipide, since that of 
turkey serum contains about 20 per cent of cephalin. In view of the evi¬ 
dence that phospholipide undergoes a rapid exchange between plasma and 
the liver (4, 10), the disparity in the relative proportions of lecithin and 
cephalin in plasma and in liver creates a very interesting and undoubtedly 
important problem. 

The total amount of purified phospholipide expressed in terms of phos¬ 
phorus and of the three components, lecithin, cephalin, and sphingomyelin, 
as calculated from the C:P and N:P ratios, in the serum or plasma of 
man, beef, pig, and dog is given in Table V. 

SUMMARY 

The acetone-insoluble lipides from fairly large volumes of human, beef, 
dog, pig, and turkey sera, and from four samples of human plasma, were 
isolated and analyzed for N, P, and choline. They were then dialyzed to 
remove non-lipide impurities, reprecipitated with acetone, and again ana¬ 
lyzed. 

The choline to phosphorus ratios for the purified acetone-insoluble 
lipides indicate that cephalin makes up about 20 per cent of the phospho¬ 
lipides in turkey serum and about 3 to 8 per cent of the phospholipides in 
h uman plasma and in the serum of beef, dog, and pig. 

The N:P ratios for the purified phospholipides indicate that sphingo¬ 
myelin makes up 15 to 32 per cent of the total (discounting the figure of 
39 per cent obtained from pooled human sera that had been stored for 
some time). 

The crude acetone-insoluble lipides were found to contain 21 to 40 per 
cent of diffusible, non-lipide impurities which were rich in nitrogen and 
apparently included some choline in all cases. 
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THE LECITHIN, CEPHALIN, AND SPHINGOMYELIN 
CONTENT OF SERUM* 

II. AS INDICATED BY THE AMINO NITROGEN AND NON-DIFFUSIBLE 
PHOSPHORUS CONTENT AFTER DIFFERENTIAL HYDROLYSIS 
OF THE ACETONE-INSOLUBLE LIPIDE8 

By R. G. SINCLAIR 

With the Assistance of Henby Tsuyuki and Eve Minovitch 
(From the Department of Bioehemietry, Queen's University, Kingston, Canada) 

(Received for publication, February 7, 1048) 

In an accompanying paper (4) the author presented data on the choline 
to phosphorus (C:P) and nitrogen to phosphorus (N:P) ratios of the 
serum phospholipides of p. number of animals before and after purification 
by dialysis. Since the C:P ratios in all instances were somewhat below 
liOO, it was concluded that cephalin was probably present in all the sera 
studied, although it made up, as a rule, only about 3 to 8 per cent of the 
total phospholipide. Only in the case of turkey serum was the C:P ratio 
indicative of a quite substantial proportion of cephalin, about 20 per cent 
of the total. 

The presence of cephalin is certainly the most reasonable interpretation 
of a C:P ratio less than 1.00. Nevertheless, other possible explanations 
had to be considered. The most obvious and most annoying possibility 
is that the method used for the determination of choline was giving results 
that were somewhat too low. Indeed, analysis of a highly purified sample 
of egg lecithin gave C:P ratios ranging from 0.96 to 0.99 whereas no amino 
nitrogen could be detected. Another possibility is that the serum or 
plasma contains a small amount of nitrogen-free phospholipides such as 
phosphatidic acid for example. It seemed, therefore, advisable to verify 
the presence of cephalin by the direct determination of the amino nitrogen 
content of the serum phospholipides. 

The N:P ratios of the purified serum or plasma phospholipides were 
found to range between 1.15 and 1.32. On the assumptions that all the 
non-diffusible nitrogen was actually lipide-bound nitrogen and that cere- 
brosides were at most a minor component of the serum lipides, these N:P 
ratios were taken as a measure of the sphingomyelin content of the phos¬ 
pholipides. It was felt that the validity of these assumptions should be 
verified by an independent and more direct determination of sphingomyelin. 

* Reported before the American Society of Biological Chemists at Chicago, May, 
1947. This work was supported by a grant from the Division of Medical Research, 
the National Research Council. 


886 



35a 


PHOSPHOLIPID ES OF SERUM 


In order to meet both objectives, the method of Schmidt et al. (3) was 
adapted so that, after alkaline hydrolysis of the lecithins and cephalitis, 
the water-soluble glycerophosphate, choline, and ethanolamine (or serine) 
could be separated from the non-hydrolyzed sphingomyelin by either 
solvent fractionation or by dialysis. Thus, the amino nitrogen content 
of the water-soluble or diffusible fraction was taken as a measure of the 
cephalin content, whereas the phosphorus content of the water-insoluble 
or non-diffusible fraction was taken as a measure of the sphingomyelin 
content. 


EXPERIMENTAL 

Portions (133 to 300 mg.) of the serum phospholipides, purified by dialysis 
followed by reprecipitation with acetone (4), were dissolved or suspended 
in 1 ml. of ethyl alcohol and then mixed with 20 ml. of N potassium hy¬ 
droxide in a centrifuge tube. The tubes were rotated on a wheel at 37° for 
22 (first experiment) or 34 (second experiment) hours. Concentrated hy¬ 
drochloric acid was then added until the contents were just acid to Congo 
red paper. 

In the first experiment, an attempt was made to fractionate the hy¬ 
drolyzed mixture into water-soluble and water-insoluble fractions by the 
use of solvents. The contents of each tube were extracted repeatedly 
with a mixture of petroleum ether and chloroform (2:1). At first a heavy 
interfacial layer formed after the tubes were centrifuged. The PE-CHC1* 
extract was evaporated to dryness under reduced pressure. The residue 
of fatty acids and unhydrolyzed lipide was now extracted with acetone 
several times. The acetone-insoluble material was dried and analyzed 
for nitrogen and phosphorus. 

The aqueous hydrolysate was evaporated to dryness and extracted 
with ethyl alcohol in order to get rid of the large amount of potassium 
chloride. An aliquot of the alcohol extract was taken for phosphorus 
determination. The remainder was evaporated to dryness, taken up in 
2.5 ml. of water, and used for the amino nitrogen determination (5). 

In the second experiment only petroleum ether was used for the extrac¬ 
tion of the hydrolyzed mixture. Each tube, after being centrifuged, con¬ 
tained three sharply defined layers: the lower aqueous layer, an interfacial 
layer of gel-like consistency, and a dear upper petroleum ether layer. 
This petroleum ether extract was evaporated and die residue fractionated 
into acetone-soluble and acetone-insoluble fractions, magnesium chloride 
being used to make the fractionation more complete. 

The resultant acetone-insoluble material was combined with the aqueous 
layer and the interfacial material and transferred to a small dialysis sac. 
This sac was endosed in a large glass-stoppered tube, which was then filled 
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with water (20 to 30 ml.). The tube was allowed to stand for several 
hours with repeated inversion. The water outside the sae was then poured 
off and a fresh lot of water added. This process was repeated eleven times. 
The resultant solution of the diffusible, water-soluble components of the 
hydrolysis mixture was evaporated to dryness and the residue extracted 
with alcohol. After removal of an aliquot for P determination, the re¬ 
mainder was used for amino nitrogen determination as above. 

The non-diffusible material in each sac was further dialysed against 
flowing distilled water and then freed of water by evaporation under 
reduced pressure. The residue was dissolved in chloroform and an aliquot 
taken for N and P determinations. 


Table I 

Amino Nitrogen Determinations after Hydrolysis of Serum or Plasma Phospholipides 


Source 

Amino N 

NHfN:P 

C:P* 


fur cent 



Human Plasma I 

0.10 

0.06 

0.93 

44 44 II 

0.07 

0.04 

0.92 

“ 44 III 

0.06 

0.03 

0.94 

“ 41 IV 

0.06 

0.03 

0.92 

Beef Serum I 

0.00 


0.97 

“ 44 II 

0.00 


0.96 

Pig 41 I + II 

0.07 

0.04 

0.97 

Dog 44 44 

0.00 


0.94 

Turkey Serum I + II 

0.25,0.26 

0.16 

0.79 


* From the accompanying paper (4). 


Results 

Amino Nitrogen Content of Hydrolysate —The yields of amino nitrogen 
expressed as percentages of the serum phospholipides hydrolysed are given 
in the second column of Table I. It will be seen that in three instances, the 
two beef sera and dog serum, no amino nitrogen was found. The turkey 
serum phospholipides yielded quite substantial amounts of amino nitrogen, 
with good agreement between the duplicate determinations. The human 
plasma and pig serum phospholipides yielded small but quite significant 
amounts of amino nitrogen. 

In Table I the amino nitrogen content of the mixed phospholipides is 
also expressed as the NH>N:P ratio. The C:P ratios are given as in the 
accompanying paper (4). If all the lipide P of serum is accounted for as 
lecithin, sphingomyelin, and a little cephalin, the NH,N:P and C:P ratios 
should add up to 1.00. Actually, the precision of the methods was not 
such as to expect such a result. In eight out of the nine cases, the sum of 
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these two ratios fell within the range, 0.95 to 1.01. These results thus 
offer definite evidence that cephalin is a real, though very minor, component 
of plasma phospholipides. The only discrepancy is in the case of the dog 
serum phospholipides, which gave no amino nitrogen, although the C:P 
ratio was 0.94. 

Phosphorus Distribution after Differential Hydrolysis of Serum Phospho¬ 
lipides —The data obtained in the first experiment involving differential 
hydrolysis of the phospholipides with alkali are given in Table II. It 
will be seen that 13 T to 31 per cent of the total lipide phosphorus was re¬ 
covered in the water-insoluble, acetone-insoluble fraction after hydrolysis. 
Presumably this fraction contains all the phosphorus present in the mix¬ 
ture as sphingomyelin. Now, as pointed out above, if the mixed acetone- 
insoluble lipides of serum consist only of lecithin, a little cephalin, and 
sphingomyelin, then [(N:P) — 1] X 100 should be a measure of the percentage 


Table II 

Distribution of Phosphorus after Hydrolysis of Serum Phospholipides 


Serum 

Intact 

phospholipide,* 
[(N:P)-11X100 

Water- and acetone- 
insoluble P 

Hydrolyzed phospholipide 

Water-soluble P 

Total P recovered 



Per cent 

per cent 

per cent 

Beef I 

25 

18.9 

71.2 

90.1 

“ II 

32 

31.0 

54.5 

85.5 

Dog 

15 

13.0 

70.4 

83.5 

Pig 

22 

15.3 

68.2 

83.5 


* From the accompanying paper (4). 


of sphingomyelin in the mixture. The values for sphingomyelin given by 
these two independent methods should agree. If, however, a considerable 
amount of cerebroside were present as well as sphingomyelin, the value 
estimated from the N:P ratio would be the higher. Both Bets of values 
are given in Table II. It may be seen that in two cases the results ob¬ 
tained by the two methods agree reasonably well; in the other two cases 
there is a considerable discrepancy between them, the value obtained by 
the method of differential hydrolysis being considerably lower than the 
other. 

It will be seen that the sum of the water-insoluble, acetone-insoluble P 
and the water-soluble phosphorus after hydrolysis was very significantly 
below 100 per cent of that in the unhydrolyzed phospholipide. The reason 
for the loss is unknown. In the hope of improving the recovery of phos¬ 
phorus, in the second experiment dialysis was used as a means of frac¬ 
tionating the phosphorus-containing compounds, as described in the ex- 
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perimental section. The results obtained in this second experiment are 
given in Table Ill. 

In this second experiment the values for the percentage of sphingomyelin 
as given by the non-diffusible phosphorus are almost the same as those 
given by the expression [(N:P) — 1] X 100. This fact would seem to indicate 
that cerebrosides are not present in significant amounts. However, since 
material was still available, it was decided to investigate the question more 
directly. The residual portions of the non-diffusible fraction of the hy¬ 
drolyzed acetone-insoluble lifudes of human plasma were combined and 
analyzed for galactose by the method of Brand and Sperry (1). 

This material was found to contain 2.2 per cent galactose, which is 
equivalent to 10 per cent cerebroside. Thus, this single determination 
suggests that cerebrosides make up only about 2 per cent of the total 
acetone-insoluble lipides of human plasma. Since this proportion is small 

Table III 


Distribution of Phosphorus after Hydrolysis of Human Plasma Phospholipides 


Human plasma No. 

Intact* 

phospholipids 

KNTp) - 1JX 100 

Hydrolysed pbosphoUpide 

Total P recovered 

Non-diffusible P 

Diffusible P 



Pm cma 

Percent 

Pm cent 

I 


20.8 


92.7 

II 

21 

23.1 


92.5 

III 

22 

23.1 


92.2 

IV 

17 

19.9 


94.4 


* From the accompanying paper (4). 


as compared with the sphingomyelin content, it is evident that the latter 
is largely responsible for the N:P ratio in excess of 1.0. 

DISCUSSION 

The demonstration of small but significant amounts of amino nitrogen 
in the water-soluble hydrolysate of the phospholipides from each of the 
four samples of human plasma and from pig and turkey sera would seem 
to prove beyond any doubt that cephalin actually is a component of the 
plasma phospholipides in these animals. These direct determinations 
thus confirm the conclusion drawn from the C:P ratios. On the other 
hand, the failure to detect any amino nitrogen at all in the phospholipides 
from beef and dog sera shows that the C:P ratio is not'always a reliable 
indication of the presence erf cephalin. 

The values for the sphingomyelin content of human plasma, as calculated 
from the percentage of non-diffusible phosphorus after alkaline hydrolysis 
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of the mixed phospholipides, agree reasonably well with the data obtained 
by Schmidt et al. (3) and by Hack (2) by essentially the same method. 
The conditions chosen for differential hydrolysis (34 hours at 37° in n 
KOH) evidently caused no splitting of the amide linkage or of the phos¬ 
phoric ester linkage in the sphingomyelin. However, some splitting of the 
choline-phosphoric acid ester linkage evidently did occur, since the N:P 
ratios of the non-diffusible material were considerably below the value of 
2.0 required for sphingomyelin. Conversely the N:P ratios of the diffu¬ 
sible fraction were considerably above 1.0. It is clear, therefore, that 
time of hydrolysis is a very important factor in Hack's adaptation of the 
Schmidt procedure for the determination of the lecithin, cephalin, and 
sphingomyelin content of a mixture. 

SUMMARY 

The acetone-insoluble lipides of human plasma, and of beef, dog, pig, 
and turkey sera, after purification by dialysis, were hydrolyzed with 1 n 
KOH. Water-soluble amino nitrogen was found in sufficient amounts to 
indicate that cephalin makes up about 3 to 6 per cent of the total phos- 
pholipide in human plasma and pig serum but about 16 per cent of that 
in turkey serum. On the other hand, no cephalin was found in beef or 
dog serum. 

The phosphorus-containing compounds, after hydrolysis, were fraction¬ 
ated into diffusible and non-diffusible fractions. The latter, the sphingo¬ 
myelin phosphorus, was found to make up 15 to 32 per cent of the total 
phosphorus. These values for sphingomyelin are in quite good agreement 
with those calculated from the N:P ratio of the mixed acetone-insoluble 
lipides. 
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A DETAILED PROCEDURE FOR THE PREPARATION OF 
HIGHLY PURIFIED ADENOSINE TRIPHOSPHATE* 


By ALEXANDER L. DOUNCE, ASER ROTHSTEIN, G. THANNHAUSER 
BEYER, REBECCA MEIER, and RICHARD M. FREER 

(From the Department of Biochemistry and the Department of Radiology , Division 
of Pharmacology and Toxicology , School of Medicine and Dentistry , The 
University of*Rochester, Rochester, New York) 

(Received for publication, December 29, 1947) 

A number of procedures for the preparation of adenosine triphosphate 
(ATP) have appeared in the literature (1-11) and methods have been 
described briefly for increasing the purity of partially purified ATP (10, 
12-14). These methods yield ATP in various states of purity, but either 
they are tedious or do not yield pure product, or are described in insufficient 
♦detail to permit a biochemist not expert in isolating phosphorylated prod¬ 
ucts to obtain the ATP in the reported yields without difficulty and loss of 
time. In some cases too few analytical data are recorded to define the 
purity of the product. 

The following method for preparing ATP is presented in sufficient detail 
to be easily repeated by a student in an advanced biochemistry course, and 
yields ATP of a high degree of purity and in reasonably good yield. The 
method has been checked by a number of workers in this laboratory, includ¬ 
ing several graduate students, and by one worker in another laboratory. 1 
2 to 3 days of intermittent work are required to obtain the product from 
one or two rabbits. The method can also be applied to properly washed 
yeast with one very slight modification. 

There are no new principles involved in the method, which is based upon 
procedures originally employed by Lohmann and Schuster (5) and by Kerr 
(6). The success of the method probably depends upon the order in which 
the precipitations with mercury and barium are carried out and in the 
exact control of experimental conditions at each step. 

The ATP prepared as outlined above has been tested for biological 
activity by using washed yeast cells. In the presence of glucose the ATP 
is converted to adenylic acid but no inorganic phosphate appears; in the 
absence of glucose the ATP is hydrolyzed to adenylic acid and free inor¬ 
ganic phosphate, both of which can be recovered quantitatively in the 

* This work was supported in part by the Donner Foundation, Inc., and in part is 
based upon work performed under contract No. W-7401-Eng-49 for the Atomic Energy 
Commission Project at The University of Rochester. 

1 Dr. P. S. Krishnan in the laboratory of Professor J. B. Sumner at Cornell Uni¬ 
versity, Ithaca, Nsw York. 
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medium. In these experiments the ATP prepared from rabbit or yeast 
behaves in the same manner. In addition, rabbit ATP has been used for 
the preparation of adenosine diphosphate (ADP) by a modification of the 
method of Lohmann (15) with lobster muscle, yielding ADP in a high state 
of purity. 

EXPERIMENTAL 

Preparation of Animal 

Without Curare —The preparation of the animal is one of the most impor¬ 
tant steps in the procedure for obtaining ATP. If this is done carelessly, 
the yield may be very low. In most of our experiments we have anes¬ 
thetized the rabbit with nembutal, given very slowly by ear vein. When 
complete anesthesia is obtained, one carotid artery is isolated and a longi¬ 
tudinal slit is made in it with a sharp scalpel. The animal is then allowed 
to bleed to death. In repeated experiments it has been found that this 
procedure leads to at least as good yields of ATP as does the method of 
DuBois, Albaum, and Potter (8) with magnesium sulfate anesthesia. How¬ 
ever, the latter method may be more useful to an experimenter not trained 
in physiological techniques. 

As soon as the animal is dead, it is quickly skinned. If nembutal alone 
or magnesium sulfate has been used for anesthetic, the skin is cut off at the 
neck, care being taken not to break the back or neck of the animal. The 
viscera are quickly removed and the body is placed in a bucket of ice water 
containing a large amount of ice. When the temperature of the carcass is 
in the neighborhood of 5°, the muscles can be cut out without any twitching 
whatsoever. The hind leg and back muscles and, if desired, the fore leg 
and pectoral muscles are dissected as quickly as possible and are placed in 
a beaker containing ice and water. It is of advantage to carry out the 
work on the carcass in a cold room if possible. It is also of some advantage 
to place the muscles in liquid air instead of an ice-water mixture, so that 
subsequently they can be broken up into small pieces with a hammer or 
in a meat grinder, in order to minimize slowing of the Waring blendor in 
subsequent steps because of the presence of long strands of connective 
tissue. 

With Curare —Nembutal is administered by vein until deep anesthesia is 
produced, and the animal is allowed to remain in the anesthetized state for 
20 minutes. Then 15 units of intercostin (Squibb) are rapidly injected 
intravenously. The respiration of the animal stops immediately. After 
1 to 2 minutes the animal is decapitated (or allowed to bleed from a pre¬ 
viously isolated carotid artery) and as much blood as possible is drained. 
The abdominal and intercostal muscles can be used as well as the leg and 
back muscles. 
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The use of curare probably permits more latitude in preparation of the 
animal and permits the use of more of the muscle mass. It is doubtful 
whether the yield of ATP per kilo of muscle is materially increased over the 
yield that can be obtained if the procedure without curare is carried out 
with sufficient care. 

After the animal is dead, all subsequent operations described above 
should be carried out as rapidly as possible, regardless of what anesthetic 
has been used. It is better not to obtain all the available muscle than to 
spend more than half an houf in dissecting small pieces. A 4 kilo rabbit 
should yield about 1 kilo of muscle. 

Preparation of Adenosine Triphosphate from Rabbit Muscle 

1. Cut the muscle into tiny bits with scissors, or else run it once through 
an ice-cold, hand-operated meat grinder. Mix 100 gm. portions of the 
muscle in a Waring blendor with 200 ml. portions of ice-cold 8 per cent 
trichloroacetic acid. About 2 minutes of mixing in the blendor will be 
required for each portion. Small amounts of crushed ice should be added 
to the blendor to keep the extraction mixture at a low temperature. Pour 
the mixture from the blendor into a double layer of cheese-cloth, and then 
make a bag of the cheese-cloth and squeeze out the liquid, working the mass 
of muscle with the hands until practically no liquid remains in the bag. 
Rubber gloves should be worn, if possible, to avoid irritation of the hands 
by the trichloroacetic acid. This work should be carried out in a cold room 
to insure maximal yields. 

When all of the muscle has been extracted with 8 per cent trichloroacetic 
acid, weigh the residue from the cheese-cloth bags and reextract by mixing 
200 gm. portions of the residue with 400 cc. of 5 per cent trichloroacetic acid 
in the blendor for 2 minutes, with the addition of small amounts of crushed 
ice, as before. 

Squeeze the second extract of the muscle through cheese-cloth bags as 
before, and combine the first and second extracts. Filter the combined 
extracts through fluted filter paper in the cold room or ice box. At this 
stage, and at all subsequent steps in which the solution of ATP is acid, it 
must be kept as close to 0° as possible. 

2. Neutralize the filtrate from step (1) with 10 per cent NaOH to pH 7.2 
to 7.5 (using bromothymol blue and phenol red indicator solutions on a spot 
plate as a control). About 300 ml. of 10 per cent NaOH may be required 
for the muscle from one good sized rabbit. 

3. Add glacial acetic acid to the neutralized solution from step (2) in the 
cold with stirring until the concentration of acetic acid in the solution is 0.2 
per cent. Next add slowly and with stirring 5 ml. of 20 per cent mercuric 
acetate dissolved in 2 per cent acetic acid for each 100 ml. of the original 



364 


PREPARATION 07 ADENOSINE TRIPHOSPHATE 


trichloroacetic acid filtrate. Allow the precipitate to settle in the ice chest, 
decant, and centrifuge. Discard the supernatant. Wash the precipitate 
once with 0.5 per cent mercuric acetate (made by diluting the 20 per cent 
mercuric acetate in 2 per cent acetic acid 1:40 with distilled water). An 
amount of 0.5 per cent mercuric acetate equal to about 2 or 3 times the 
estimated volumes of the nucleotide precipitate should be used in this 
washing. 

4. Suspend the washed nucleotide precipitate in enough water to fill one 
large centrifuge tube (about 200 ml.) and pass in HsS for 1 hour, cooling 
the tube in ice-water. Centrifuge the precipitate of HgS and save the 
supernatant. 

Resuspend the precipitate of HgS in about 100 ml. of water and treat 
again with H 2 S for 15 minutes, cooling the tube again in ice-water. Cen¬ 
trifuge the HgS (to be discarded) and add the supernatant to the super¬ 
natant from the first treatment of the nucleotide suspension with H 2 S. 
Now pass a rapid stream of air into the combined supernatants (which 
should be allowed to warm up to room temperature) until the solution is 
practically free from H 2 S, judging by the odor. 

5. Adjust the pH of the aerated solution to 7.0, using NaOH with bromo- 
thymol blue as indicator. About 10 ml. of 10 per cent NaOH may be 
required for the material from one rabbit. Then dilute to 500 ml. with 
distilled water and add 1 ml. of 2 m barium acetate per 100 gm. of muscle 
used. Let the precipitate settle (in the ice chest) and then decant and 
filter. The supernatant, which contains coenzymes, nucleotides, sugar 
phosphates, etc., can be discarded or saved for precipitation of the water- 
soluble, alcohol-insoluble barium salts of some of these materials if desired 
(with about 4 volumes of alcohol per volume of supernatant). The pre¬ 
cipitate of water-insoluble barium nucleotides is then washed twice with 
about 1 to 2 volumes of ice-water. 

6. The washed barium nucleotide precipitate is now suspended in about 
300 ml. of water and is dissolved by adding the minimal amount of glacial 
acetic acid slowly and with stirring. The pH should be between 3 and 3.5 
when solution is complete. (10 to 15 ml. of glacial acetic acid may be 
required for the material from one rabbit.) A small amount of undissolved 
precipitate is centrifuged off and discarded. 

7. Now dilute the dissolved barium nucleotides to 500 ml. and add 0.5 
ml. of 20 per cent mercuric acetate in 2 per cent acetic acid per 100 ml. of 
the original trichloroacetic acid filtrate, slowly and with stirring. Allow the 
precipitated mercuric nucleotides to settle (in the ice box) and decant and 
centrifuge. Wash the precipitated nucleotides once with 2 to 3 volumes of 
0.5 per cent mercuric acetate as in step (3). 
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8. Treat the washed mercuric nucleotide precipitate with H*S exactly 
as in step (4). 

9. Then add n NaOH slowly, with stirring, until a small amount of pre¬ 
cipitate forms. This is Baa ATP resulting from a slight amount of barium 
which is carried through the mercury precipitation and sulfide treatments. 
If no precipitate forms when the pH has reached 6 or thereabouts, it may 
be necessary to add a drop or two of 0.5 m barium acetate, but this is very 
unlikely. In any case only a very small amount of precipitate should be 
allowed to form. Centrifuge off this precipitate and discard. It will carry 
down colloidal sulfides. 

10. Adjust the pH of the supernatant from step (9) to pH 7.0 by adding 
more n NaOH, and, after diluting the solution to 500 ml., precipitate the 
barium salt of ATP exactly as in step (5), using the same amount of barium 
acetate as in step (5). Allow the precipitate to settle (in the ice chest), 
decant, and centrifuge. Then wash the precipitate twice with ice-water 
exactly as in step (5). Next wash the precipitate once with 50 per cent 
ethyl alcohol, once with 75 per cent alcohol, twice with 95 per cent alcohol, 
and twice with diethyl ether, using adequate volumes of the wash liquid to 
insure good washing. The precipitate should always be recovered from 
the wash liquid by centrifugation rather than by filtration. Finally, re¬ 
move the precipitate from the centrifuge tubes, allow it to dry on hard 
filter paper, pulverize, and place in a desiccator over PjO* for 2 or 3 days 
before analysis. The dried product will contain 4 molecules of water per 
molecule of Baj ATP. If the Ba 2 ATP is dried under high vacuum by 
means of a Megavac pump for 2 or 3 days, an anhydrous product is ob¬ 
tained. 

It has been found possible to obtain approximately an additional 1 gm. 
of ATP per kilo of muscle if all of the solutions containing the mercury or 
the barium salt of ATP are allowed to stand in the ice box for an additional 
length of time. The precipitates are collected and put through whatever 
part of the procedure that has not yet been carried out. For instance, 
additional precipitate from the original trichloroacetic acid extract must 
be dissolved and reprecipitated as. barium, then mercury, and then barium 
salts, while material collected after precipitation the second time as mercury 
salt- need only be precipitated once more as a barium salt. The purity of 
the additional ATP collected in this way appears to be as high as that of 
the main fraction. 

Preparation of Adenosine Triphosphate from Yeast 

Fresh bakers’ yeast is washed twice with distilled water in the centrifuge. 
A rather low speed must be employed, so that the light cells and debris are 
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discarded. About 10 per cent of the yeast material is thereby discarded at 
the first washing. This procedure is necessary to remove colloidal material 
which would subsequently render impossible the isolation of pure ATP. 

The rest of the procedure is the same as the procedure for isolating ATP 
from muscle, except that 20 per cent trichloroacetic acid is substituted for 
8 per cent trichloroacetic acid. 

Preparation of Adenosine Triphosphate Containing Radioactive 
Phosphorus 

10 million counts of P 82 in less than a mg. of sodium phosphate were 
injected intravenously into a rabbit. The animal was then caused to 
exercise strenuously by placing it in a tub of water and allowing it to swim 
for 30 minutes. After this, the animal was allowed to rest for 2\ hours. 

Table I 

Specific Radioactivity of Phosphate Groups of Adenosine Triphosphate 


Labile phosphate was hydrolyzed in 1 m HC1 for 7 minutes at 100° and separated 
from the stable phosphate by precipitation with barium acetate. Two of the three 
phosphates of ATP are hydrolyzed and separated by this procedure. 


Material counted 

Activity, counts per min. ' 
per micromole 

ATP, before hydrolysis. 

274 

Labile P.".'. 

228* 

Stable “ . 

48 

Total activity recovered after separation. 

276 



* Calculated for the 2 molecules of labile P. 


Barium ATP was isolated in the usual manner from the animal by the 
procedure already described. The animal was prepared by the use of nem¬ 
butal and curare. The recovery of radioactive phosphate in the ATP, as 
well as the specific activity of the phosphate groups, is given in Table I. 
These results are essentially in agreement with those of Flock and Bollman 
(16), except that our recovery of radioactive phosphate in the ATP was 
considerably higher. 

Analysis of Adenosine Triphosphate 

The purity of the adenosine triphosphate prepared as described above 
has been investigated by carrying out a number of analyses on various 
preparations from rabbit muscle and yeast. 

The results of analyses are summarized in Tables II, III, and IV. In 
addition, analyses which have been carried out by P. S. Krishnan in the 
laboratory of Professor J, B, Sumner at Cornell University, using barium 
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Table II 

Analysis of Adenosine Triphosphate 


Constituent 

Found 

Theoretical for 
Ba» ATP'lHiQ 


Per cent \ 

per cent 

Nitrogen. 

8.0 

8.20 

Barium.i 

33.0 

32.17 

Water. 

8.0 

8.47 

Hydrolyzable phosphate (as P) * . 

7.3 

7.26 

Total phosphate (as P) *. 

11.0 

10.88 

Ratio, total phosphate to hydrolyzable phosphate. 

1.53 

1.50 


Inorganic phosphate, which was not determined, is included in these figures. 


Table III 

Analysis of Second Lot of Adenosine Triphosphate 


Constituent 

Found 

Theoretical for 
Bas ATPOM) 


per cent 

Per cent 

Nitrogen 

8.28 



8.31 

8.20 

Average 

8.30 


Inorganic phosphate (as P) 

0.20 



0.19 

0.0 

Average 

0.20 


Hydrolyzable phosphate (as P)* 

7.25 



7.22 



7.26 

7.26 

Average 

7.24 


Total phosphate (as P)* 

10.80 



10.98 | 



11.08 | 

10.88 

Average 

10.95 


Ratio, total phosphate to hydrolyzable phosphate 

1.51 

1.50 


* Inorganic phosphate is not included in these figures. 


ATP prepared by the method described in this paper, have yielded similar 
results. The yields reported by Krishnan were slightly higher than those 
reported by us. 
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The analyses for hydrolyzable and total phosphate which are recorded 
in Tables II and III were carried out following hydrolysis of the sample for 
7 minutes in n HC1 or digestion in concentrated sulfuric acid, by a modifi¬ 
cation of the method reported by Sumner (17). In this modified method, 
3.0 ml. of 7.5 n H 2 SO 4 w r ere used instead of 5.0 ml., and care was taken to 
have the same concentration of other acid (HC1) in the standard as in the 
unknown. 


Table IV 


Analyses of Other Lots of Adenosine Triphosphate 


Lot No. 

Total 
amount 
of fresh 
tissue 

Yield* 
of ATP, 
gm. per 
kilo fresh 
muscle 

Hydrolyz¬ 

able 

phosphate 
(asP); 
theoreti- 
calf 
for Baa 
ATP, 7.86 

Total 
phosphate 
(as P); 
theoreti- 
calf 

for Baa ! 
ATP, 11.8 

Nitrogen; 
theoreti- 
calf 
for Baa 
ATP, 9.0 1 

Barium; 
theoreti¬ 
cal! 
for Baa 
ATP, 35.3 

Pentose; 
theoreti¬ 
cal f 
for Baa 
ATP, 19.3 









1. Rabbit muscle. 

800 

1.97 

7.80 

11.6 


35.0 


2. “ “ 

950 

2.27 

7.72 

11.7 


34.9 


3. “ “ . .. 

900 

2.07 

7.73 

11.8 

8.75 

35.3 

19.5 

4. “ “ % . 

2000 

2.65 

7.60 

11.6 

8.87 

35.3 

19.1 

5. Yeast. 

458 

1.22 

7.60 

11.7 

8.87 

35.3 

19.2 

Average. 



7.69 

11.7 

8.83 

35.1 

19.3 

% of theoretical.... 



97.9 

99.2 

98.1 

99.4 

100.0 


No inorganic phosphate (as P) was found. 

* In all of these preparations with rabbit muscle, 10 per cent trichloroacetic was 
used instead of 8 per cent. The latter gives somewhat better yields and is optimal in 
concentration for extracting the ATP. 

t The theoretical results are based on Ba2 ATP. Water was removed before 
analysis by evacuating in a vacuum desiccator over P2O5 with a Megavac pump to a 
pressure considerably less than 0.1 mm. for 36 hours and allowing to stand under 
a vacuum for several weeks in the desiccator. 

t Spectrochemical analyses performed by L. Steadman of the Department of 
Radiology indicate that the mercury content of this batch of ATP was less than 1 
molecule of Hg per 5000 molecules of ATP. 

Inorganic phosphate was determined on an aliquot of the stock ATP 
solution, immediately after it was made up, by the same method. 

Nitrogen v r as determined by the micro-Kjeldahl method with a copper- 
selenium catalyst. 

Barium was determined by precipitating as barium sulfate and weighing. 

Water was determined by the loss of weight of a sample after drying over 
PaOf, with boiling toluene in an Abderhalden apparatus. 

The analyses reported in Table IV were carried out as follows: phos- 
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phates, a modification of the Fiske and Subbarow method ((18), ( 19 ) 
P- 166); nitrogen, a micro-Kjeldahl method according to Johnson (20); bar¬ 
ium, determined gravimetrically according to the method of Kolthoff and 
Sandell (21); pentose, by a modification of the method of Mejbaum ((22), 
(19) p. 166). 

The absorption spectrum of ATP prepared according to our directions is 
shown in Fig. I. 2 The absorption coefficient of 1.62 X 10 4 is in agreement 
with that obtained by Kalckar (23). 



Fia. 1 . Absorption spectrum of adenosine triphosphate. Concentration (C) « 
3.25 X 10-* m. «*<> m M - (1/C) X logio (Jo//) - 1.62 X 10 4 . 

DISCUSSION 

We have described a relatively simple chemical procedure for the isolation 
of the barium salt of adenosine triphosphate from muscle and yeast which 
yields a fair amount of product (about 2.5 to 3.0 gm. per kilq of fresh un¬ 
dried muscle) in a highly purified state. There are no new principles 
involved in the method, but the technical procedure has been refined and 
standardized and is described in sufficient detail so that it is easily repeated 
in the hands of graduate students at The University of Rochester and 
Cornell University. 

The amount of radioactive phosphate recovered in ATP prepared from 
the rabbit injected with radioactive phosphate is remarkably high (about 
18 per cent of the dose). It is of interest that the specific activity of the 
two tenninal phosphates in the radioactive ATP was considerably higher 
than that of the inner phosphate (see Table I). 

1 We are indebted to Dr. A. A. Pihl for determining the absorption spectrum of 
ATP prepared by our method. 
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SUMMARY 

1. An improved method has been described for the preparation of highly 
purified adenosine triphosphate (ATP) from rabbit muscle and yeast. 

2. The preparation of ATP containing radioactive phosphate has been 
described. 

3. Analytical data have been furnished for a number of samples of ATP 
prepared in different laboratories by the method described in this paper. 
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GROWTH INHIBITION OF NEUROSPORA BY CANAVANINE, 
AND ITS REVERSAL* 

By N. H. HOROWITZ and ADRIAN M. SRBf 
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California Institute of Technology , Pasadena) 

(Received for publication, February 4, 1948) 

Canavanine, an amino acid from jack beans, was discovered by Kitagawa 
and coworkers in 1929 (1, 2). The substance is not combined in the pro¬ 
teins of the seed, but occurs in the free state, and makes up 2.5 per cent 
of the dry weight of jack beans (3). In a series of papers available to the 
authors for the most part in abstract only, the Japanese workers have 
reported extensive investigations into the chemistry and physiology of 
the substance. The structure of canavanine was established by Gulland 
and Morris (4) and by Kitagawa and Takani (5) as NH2-C(:NH)*NH-0-- 
CHj-CHo-CHNHs-COOH. Natural canavanine is of the l configuration 
( 0 ). 

Canavanine is split by a liver enzyme to yield urea and canaline, NH 2 - 
O CH 2 CH 2 CHNH 2 COOH (3). More recent evidence has indicated 
that the canavanine-splitting enzyme may be identical with arginase (7). 
It has been claimed by Ogawa ((8) and elsewhere) that canavanine is 
essential for young rats. The amino acid is non-toxic to mice, but pro¬ 
duces symptoms of intoxication when injected into dogs in a dose of 200 to 
400 mg. per kilo of body weight (9). 

In experiments designed to test the effectiveness of canavanine in sup¬ 
porting the growth of certain amino acid-requiring mutants of Neurospora 
we found instead that the substance exerts a strong inhibitory effect on 
the growth of the mold. Further investigation has revealed a number of 
interesting aspects of this phenomenon, among which are the high degree 
of toxicity of the substance for the mold, the complete reversibility of the 
inhibition under certain conditions, and the existence of a genetic factor 
determining sensitivity or tolerance. 

Materials and Methods 

The strains of mold used in this study are 1A, 4A, and 25a. All are 
wild type strains of Neurospora crassa, derived originally from single 

* This, investigation was supported by the Rockefeller Foundation and the 
Nutrition Foundation, Inc. 

t National Research Council Fellow, 1946-47. Present address, Department of 
Plant Breeding, Cornell University, Ithaca. 
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ascospores, and grow normally on the usual minimal medium containing 
sugar, salts, and biotin (10). Growth was measured as the dry weight of 
mold produced in 72 hours at 25° in 20 ml. of medium contained in 125 ml. 
Erlenmeyer flasks. 

Canavanine flavianate was isolated from jack bean meal by the method 
of Gulland and Morris (4). The flavianate was decomposed according to 
the procedure of Cadden (6), and canavanine was obtained as the sulfate. 
Electrometric titration and elementary analysis of the salt indicate the 
constitutional formula (CsH^N^^ • H 2 S0 4 . 

Calculated. C 26.65, H 5.75, N 24.90, sulfate S 7.11; equivalent wt. 225 
Found. 14 27.21, 44 6.31, 11 24.50, 44 44 7.05; 44 44 229 

Results 

In contrast to other natural amino acids which have been shown to 
produce inhibition of growth in Nmrospora (11-13), canavanine is effective 
against the wild type, as well as against mutant strains. Different degrees 
of sensitivity are exhibited by different wild strains, however. Following 
the initial observation that canavanine retards the growth of strain 1A, a 
number of other wild types were tested. It was found that three grades 
of resistance to the action of the amino acid can be distinguished: a high 
degree of resistance, shown by strain 4A; medium resistance, shown by 
strain 1A; and low resistance, shown by strain 25a. In Fig. 1 are plotted 
typical experiments showing the growth of these strains as a function of 
canavanine concentration. It is seen that growth of strain 25a is abolished 
by concentrations of canavanine sulfate exceeding 1.25 y per ml. (5.55 X 
10" 6 m with respect to canavanine). With strain 1A a 10-fold greater 
concentration is required to bring about a 55 per cent inhibition of growth, 
while strain 4A is inhibited to the extent of only 15 per cent by the highest 
concentration tested. 

Although the responses of strains 25a and 1A to canavanine are quite 
reproducible, strain 4A has not shown the same degree of tolerance to the 
substance in all experiments. In some tests it has behaved very much as 
strain 1A (medium resistance), while in others it has shown absolute re¬ 
sistance. The results of a preliminary experiment have indicated that 
the age of the culture is probably a factor in determining the response of 
strain 4A, resistance increasing with age. 

In the present experiments the standard incubation period of 72 hours 
was used. If the culture flasks are allowed to incubate for longer periods, 
growth of strain 25a will eventually begin, even in the presence of relatively 
high canavanine concentrations. Whether this is caused by a loss of 
canavanine through spontaneous decomposition to desaminocanavanine 
(14), or by a change in the mold, we are not yet prepared to say. 
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Reversal of Canavanine Inhibition —On the assumption that canavanine 
interferes with the production or utilization of an essential metabolite, the 
growth of strain 1A was measured in the presence of an inhibiting con¬ 
centration of canavanine (50 y of canavanine sulfate per ml.) plus various 
supplements. In a preliminary experiment it was found that a mixture of 
water-soluble vitamins has only a slight effect on the inhibition, while 
hydrolyzed casein in a concentration of 1.25 mg. per ml. of medium com¬ 
pletely reverses it. Two mixtures of amino acids were then tested, one 
containing Rose’s essential amino acids, the other the “non-essential” 
amino acids. Canavanine inhibition was abolished by the mixture of 



Fig. 1. A, inhibition of the growth of Neurospora by canavanine. 3, strain 4A; 
O, strain 1A; #, strain 25a. B , reversal of inhibition by arginine. Canavanine 
sulfate concentration, 0.25 mg. per 20 ml. in the strain 25a curve (#) and 1 mg. per 
20 ml. in the strain 1A curve (O). 

essential amino acids (final concentration, 0.05 mg. of each per ml.), while 
the non-essential mixture produced a small effect (final concentration, 0.1 
mg. of each per ml.). 

The ten amino acids making up the essential mixture were then tested 
singly, with the results indicated in Table L It is seen that complete 
reversal of the inhibition was obtained only with arginine; lysine and 
methionine were moderately effective (60 per cent reversal), while the 
remaining amino acids showed small activities. 

When the same series of amino acids was tested on strain 25a, it was 
found again that the inhibition is completely relieved by arginine. Lysine 
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is also effective in this strain, with an activity equal to 0.25 that of arginine 
on a molecular basis. None of the other amino acids showed any activity 
(Table I). Typical recovery curves are plotted in Fig. 1. It is calculated 
that the effect of 1 molecule of canavanine is neutralized by about, 3 mole¬ 
cules of arginine in strain 25a and by 0.3 molecules of arginine in strain 1 A. 

Experiments were next carried out to determine the relative effectiveness 
of optical isomers of arginine and lysine in overcoming canavanine in¬ 
hibition. The results show' that L-arginine and L-lysine are twice as active 
as the racemic mixtures in protecting strain 25a from the inhibition (Table 
II). It is concluded that only the natural enantiomorphs arc active in 

Table l 

Effect of Essential Amino Acids on Canavanine Inhibition 
Concentration of canavanine, m/4500 (50 y of canavanine sulfate per ml.) in 
the strain 1A series and m/10,500 (21.4 7 of canavanine sulfate per ml.) in the strain 
25a series. Concentration of other amino acids, 0.1 nitf. per ml. in the strain 1A 
series and m/400 in the strain 25a series. 


Supplement 

! Strain 1A, growth 

Strain 25a, 


m- 

; mg. 

None . 

72 

53 

Canavanine. 

14 

0 

11 + L-arginine • HC1. 

80 

54 

“ + DL-lysine-HCl. 

49 

46 

“ d-DL-leucine. 

27 

0 

“ + DL-isoleucine. 

33 

0 

“ -f L-methionine. 

47 

0 

“ -f DL-valine. 

36 

0 

* ‘ + DL-phenylalanine. 

27 

0 

“ -f L-trypfcophan. 

27 

0 

“ + DL-threonine. 

27 

0 

‘ ‘ 4* L-histidine • HCl • H t O. 

25 

0 


this respect. This is somewhat surprising in view of the fact that arginine - 
less mutants of Neurospora utilize DL-arginine for growth just as readily 
as L-arginine (15). 

In another series of experiments, the effect on the growth of strain 25a 
of simultaneously varying the canavanine and arginine concentrations was 
measured. The results are presented in Table III. It will be noted that 
the degree of inhibition is independent of the absolute concentrations of 
the two amino acids, but is determined solely, by the ratio of the concentra¬ 
tions. Inhibition quotients (ratio of canavanine concentration to arginine 
concentration) calculated from these data are close to 1.2 for complete 
inhibition and 0.3 for complete reversal. 
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Several miscellaneous guanidine derivatives have been tested for relief 
of canavaaine inhibition, including guanidine, creatine, carbamidoarginine, 
guanidine valeric acid, guanidine butyric acid, and benzoylargminamide. 
The last two compounds were kindly supplied by Professor Carl Nie¬ 
mann. None of these substances was found to be active by itself. If the 

Tablk II 

Effect of Optical homers of Arginine and Lysine on Canavanine Inhibition 
The values represent growth pf strain 25a in mg. Canavanine concentration, 
m/10,500 throughout. 


Arginine or lysine 
concentration j 

Ar/vrgioinc 


i**j4ysuic 


vi^juysine 

m/800 

70.0 

64.0 ! 

62.5 


47.5 

m/1600 1 

64.0 

60.5 ; 

48.0 


18.5 

m/3200 

58.5 ! 

42.0 i 

21.0 


0.0 

m/6400 

42.0 

5.0 ! 

0.5 


0.0 

m/12,800 

m/25,600 

4.5 

0.0 

0.0 


0.0 

0.0 

0.0 

0.0 


0.0 


Table III 

Growth of Strain 25a on Independently Varying Concentrations of Arginine and 

Canavanine 

The values represent grow th in mg. 


Canavanine concentration 


tration 

0 ! 

11/42,000 | 

M/21,000 

lt/10,500 

| lf/5250 

j M/2625 

| m/1313 

M/200 

i 

i 

49.5 ' 

52.0 

1 50.0 

50.0 

j 47.0 

! 50.0 

m/400. 

54.0 ! 

49.0 | 

58.0 

52.5 

! 58.5 

; 51.0 

45.5 

m/800 

i 

49.5 , 

48.5 

47.0 

I 46.5 

45.0 

17.5 

m/1600 

| 

50.6 j 

49.5 I 

54.5 

1 50.0 

I 24.0 

2.0 

m/3200 

i 

i 

i 

49.6 ! 

54.5 | 

54.0 

31.5 

4.0 

0.0 

m/6400 

i 

j 

50.0 | 

53.0 ! 

37.5 

9.5 

0.0 

0.0 

m/12,800 


50.5 ! 

34.0 ! 

4.0 

0.0 ! 

0.0 

0.0 

m/25,600 

| 

33.0 j 

5.0 j 

0.0 

o.o ! 

0.0 

0.0 

m/51,200 

1 

4.o ; 

0.0 | 

0.0 

| 0.0 

0.0 

0.0 

0 

60.0 j 

0.0 ! 

I 

0.0 j 

0.0 

| 0.0 

0.0 

0.0 


medium is supplemented with just enough arginine to provide for a small 
amount of growth, then the further addition of carbamidoarginine produces 
a marked increment in the growth and guanidine a slight increase. The 
activity of carbamidoarginine is probably ascribable to its conversion to 
arginine by the mycelium, since experiments with arginineless mutants 
have shown that it supports the growth of these strains. 
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Experiments have been carried out to determine whether changes in 
temperature and pH affect the inhibition. Flasks containing an inhibitory 
concentration of canavanine (9.5 X 10~ 5 m) in basal medium were inoculated 
with strain 25a and incubated at 20°, 25°, 30°, and 35°, respectively. No 
growth was observed in any of the flasks after 78 hours. In another series 
of flasks, medium buffered at six pH values in the range 4.8 to 6.9 and con¬ 
taining canavanine in a concentration of 4.75 X 10“ 5 m was inoculated with 
strain 25a and incubated at 25° for 72 hours. Again, no relief of the 
inhibition was observed. 

Genetics of Canavanine Tolerance —The differences between various 
wild type strains with respect to canavanine tolerance made it of interest 
to investigate the inheritance of this character. Strain 25a was crossed 
with strain 4A and the spores from eighteen asci were isolated in order and 
transferred to agar slants. The resulting cultures were then tested for 
canavanine tolerance. In thirteen of the asci canavanine tolerance segre¬ 
gated in a manner indicating that tolerance and sensitivity are determined 
by alternative forms of a single gene. The remaining five asci, however, 
could not be so simply interpreted and it is evident that a more extensive 
series of crosses will be necessary in order to establish the mode of in¬ 
heritance of this pair of characters. 

Dr. H. J. Teas has analyzed a number of other crosses of resistant and 
sensitive strains, with results essentially similar to ours. 

DISCUSSION 

Perhaps the most remarkable feature of the inhibition by canavanine is 
the extraordinarily high degree of toxicity displayed by this compound, 
an amino acid of the natural series. Not only is canavanine effective in 
very low concentrations (order of 10~ 6 m), but the neutralization quotients 
0.3 and 1.2 obtained above contrast markedly with the values 100 to 10,000 
usually found for metabolic antagonists (16). It is of interest to note that 
the ability to synthesize arginine and lysine, the only effective antidotes 
so far discovered, is not protective; the strains used in this study are wild 
types capable of synthesizing all of the amino acids necessary for their 
normal growth from sugar and inorganic salts. This suggests that the 
relative immunity to canavanine intoxication displayed by strain 4A 
results from a mechanism for detoxifying or otherwise disposing of the 
compound, a mechanism presumably possessed by strain 25a in a much 
less active form, if at all. This would be analogous to the case described 
by Woolley (17), who found that certain pyrithiamine-fast microorganisms 
possess a system for destroying pyrithiamine, whereas sensitive strains do 
not. 

Little can be said at present as to the mechanism of the inhibition. 
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Although the data suggest a competition between arginine and canavanine 
for an enzyme surface, it is difficult on this basis to explain the anticanava- 
nine action of lysine. The present observations would appear to be related 
in some way to the lysine-arginine antagonism discovered by Doermann 
(11). One possible mechanism seems to be definitely excluded by our 
data; namely, the interference of canavanine with arginine synthesis. On 
this basis, one would expect to provide complete protection against canava¬ 
nine by supplying sufficient arginine in the medium for normal growth 
requirements. Studies of argtnineless mutants (15) have shown that 
arginine in a concentration of m/2000 is sufficient for good growth. As 
can be seen in Table III, however, m/1600 arginine is not protective against 
the inhibition. 

We wish to thank Dr. G. Oppenheimer and Dr. A. J. Haagen-Smit for 
the microanalyses of C, H, and N. 

* SUMMARY 

L-Canavanine from jack beans is a powerful inhibitor of the growth of 
certain wild type strains of Neurospora. Growth of the most sensitive 
strain is abolished by canavanine in a concentration of 5.55 X 10” 6 m. 
Growth of a second strain is partly inhibited by canavanine, while a third 
strain is almost completely resistant. Resistance and sensitivity appear 
to be genetically determined. The inhibition is reversed by L-arginine 
and, in one of the strains, by L-lysine. The antagonism between canava¬ 
nine and arginine is of the “competitive” type, approximately 3 molecules 
of arginine being required to neutralize the effect of 1 molecule of canava¬ 
nine in the most sensitive strain. Lysine is about 0.25 as active as arginine 
for this strain. Although the mechanism of the inhibition is not known, 
the data exclude the possibility of interference by canavanine with arginine 
synthesis. 
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LETTERS TO THE EDITORS 


RELEASE OF ANTIBODY BY LYMPHOID TISSUE IN VITRO* 

Sirs: 

Studies have been made qf the release of antibodies during incubation 
of tissues from rats and mice immunized to sheep erythrocytes. Tissue 
minces were shaken at 38.5° in Warburg type flasks through which was 
passed a constant stream of 95 per cent oxygen-5 per cent carbon dioxide. 
The incubation medium was serum obtained from non-immunized animals 
of the same strain, age, and sex. After 3 hours incubation, comparison was 
made of the antibody titer and the amount of protein released by the tissue 
in each flask. A separate aliquot of the same tissue was ground with sand 



, Antibody 

i Antibody 

! Incubation 

Tissue mince 

release value 

I (1) 

, extraction value 1 selectivity 
(2) | ratio, (l)/(2) 

Liver... ... 

13.2 (16)* 

j 20.1 (64) 

j 0.7 

Spleen. 

13.8(16) 

' 28.7 (64) 

! 0.5 

Kidney. . 

j 8.8 (8) 

15.0 (32) 

; 0.6 

Lymphoid tissue. . 

166.3 (16) 

3.1 (4) 

53.2 

* The values in parentheses are 
tion method). 

reciprocals of hemolysin titers 

(doubling dilu- 


in physiological saline, and the antibody titer and protein nitrogen of the 
extract determined. In the table, antibody release is expressed as the 
ratio of the reciprocal of the titer to the number of mg. of protein nitrogen 
added to each ml. of serum during incubation. Similarly, antibody ex¬ 
traction is expressed as the reciprocal of the titer in the saline extract of a 
tissue, divided by the number of mg. of protein nitrogen in each ml. of the 
extract. The incubation selectivity ratio is equal to the antibody release 
value divided by the antibody extraction value. The magnitude of the 
incubation selectivity ratio indicates the extent of selective release of anti¬ 
body during incubation. 

Minces of lymphoid tissue (pooled thymuses and mesenteric nodes) of 
immunized mice released agglutinins and hemolysins against sheep erythro¬ 
cytes in higher titers, relative to the amount of protein added to the serum 

* This investigation was aided by grants from the American Cancer Society on 
recommendation by the Committee on Growth of the National Besearch Council, 
and from the Josiah Macy, Jr., Foundation. 
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during incubation, than either liver, spleep, or kidney minces. Agglutinin 
determinations were early abandoned, since agglutinating activity against 
sheep erythrocytes was found in saline extracts of non-immune mouse and 
rat tissues; this difficulty was not encountered with hemolysin determina¬ 
tions. 

The table presents the results of a typical experiment. Tissues were 
obtained from adult, male Sprague-Dawley rats exsanguinated under 
nembutal anesthesia. These animals were previously immunized by intra- 
peritoneal injections of 1 ml. of a 10 per cent suspension of sheep erythro¬ 
cytes (ten injections during 2 weeks). The incubation selectivity ratio is 
significantly large only for lymphoid tissue. 

Similar experiments have also been performed with tissues obtained from 
rats 5 days after a single intravenous injection of 0.5 ml. of a 2 per cent 
suspension of sheep erythrocytes. The results suggest that the behavior 
of lymphoid tissue and spleen in releasing antibody in vitro differed sig¬ 
nificantly with the method of immunization employed. Studies of thymus 
and mesenteric lymph nodes separately indicated that the capacity for 
selective release of antibody in vitro by lymphoid tissue resides chiefly in 
the lymph nodes. When a nitrogen atmosphere replaced the oxygen- 
carbon dioxide mixture, the antibody release value was the same as the 
antibody extraction value. 

Splenic tissue from rats given a single intravenous injection of antigen 
had relatively high hemolysin titers both before and after incubation as 
did the serum medium in which the tissue was incubated. In several ex¬ 
periments, the titer of antibody released by spleen during incubation, plus 
that extractable from the tissue after the incubation period, was signifi¬ 
cantly greater than that demonstrable in splenic extracts prior to incuba¬ 
tion. The results suggest that antibody production may have occurred 
in vitro . 

Department of Physiological Chemistry 
Yale University 
New Haven 

Received for publication, March 15,1948 
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DIMETHYL^S-PROPIOTHETIN, A NEW METHYL DONOR 
Sirs: 

Studies of the ability of various compounds to promote the growth of 
rats on methyl-free diets supplemented with homocystine have established 
that a marked structural specificity is involved. 1 In this earlier report the 
only N-methyl compounds found to be capable of acting as direct methyl 
donors were choline, dimethylethyl-£-hydroxyethylammonium chloride, and 
betaine. During the course of testing other.compounds structurally re¬ 
lated to choline and betaine for growth-promoting activity under these 
conditions, it was found in this laboratory that dimethylthetin, (CH 3 )a- 
+ SCH 2 COO~, the sulfur analogue of betaine, was also very effective and able 


Diet 

Rat No. 

! 

Diet period 

Weight change 
over period 

Food 

consumption 

Growth rate 



days 

gm. 

gm. per day 

gm. per day 

Basal diet 

25 

21 

113- 95 

5.0 

-0.9 


28 

21 

97- 89 

4.8 

-0.4 


50 

12 * 

81- 71 

3.4 

-0.8 

“ “ + 0.5% choline 

24 

21 

108-165 

8.8 

4*2.7 


49 

23 

95-141 

8.3 

4 -2.0 


51 

21 

85-153 

9.2 

4*3.2 

“ “ + 0.92% di¬ 

41 

21 

98-158 

8.8 

4-2.9 

methylpropiothetin 

I 48 

21 

88-137 

7.9 

4-2.3 


57 

21 

101-180 

9.3 

4-3.8 


* Rat died. 


to support growth about as well as choline itself. 2 * 3 The r61e of dimethyl¬ 
thetin as a methyl donor has been further explored in vitro by Dubnoff and 
Borsook. 4 

Recently Challenger and Simpson 6 reported the isolation of dimethyl- 
propiothetin, (CH 3 ) 2 4 SCH 2 CH 2 COO~, from a marine alga, Polydiphonia 
fastigiata . Since this compound is a homologue of dimethylthetin, it oc¬ 
curred to us that it might also be an active methyl donor, and this has 
proved to be the case. In the table are shown the average growth rates of 
rats on a basal diet* containing no methionine and 0.87 per cent of homo¬ 
cystine, and supplemented with 0.92 per cent of dimethylpropiothetin 

1 Moyer, A. W., and du Vigneaud, V., J. Biol. Chem ., 143, 373 (1942). 

* du Vigneaud, V., Harvey Lectures , 38, 39 (1942-43). 

1 du Vigneaud, V., Moyer, A. W., and Chandler, J. P., J. Biol. Chem ., in press. 

4 Dubnoff, J. W., and Borsook, H., Federation Proc. t 7, 152 (1948). 

1 Challenger, F., and Simpson, M. I., Biochem. J. t 41, p. xl (1947). 
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chloride. For comparison are given corresponding data for the animals 
on a similar diet containing 0.5 per cent choline instead of the thetin, and 
for those on the basal diet containing no methyl donor. 

The animals on the diet containing dimethylpropiothetin grew as well 
as those on the diet containing choline and remained in excellent condition 
throughout the experiment. There was no kidney enlargement detectable 
at any time, and on autopsy there were no signs of hemorrhagic damage to 
the kidneys as there were in the case of the animals on the basal diet. 
Estimation of total liver lipides gave values which agreed closely with 
those from the rats fed choline. 

The significant discovery of this compound as a naturally occurring sub¬ 
stance, coupled with our findings of the pronounced growth-promoting 
activity of both dimethylthetin and dimethylpropiothetin, makes it appear 
possible that these substances, or closely related derivatives, may be 
present in animal tissues and may take part in normal methylation proc¬ 
esses. A more detailed study, including data for other related com¬ 
pounds, is to be published in due course. 

Department of Biochemistry Geohge A. Maw 6 

Cornell University Medical College Vincent du Vigneaud 

New York City 

Received for publication, March 29, 1948 
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SYNTHESIS OF NICOTINIC ACID FROM TRYPTOPHAN BY 
THE DEVELOPING CHICK EMBRYO* 


Sirs: 

Recent investigations with several species of animals have revealed that 
tryptophan can be converted into nicotinic acid within the tissues of the 
animals, by the intestinal microorganisms, or by a combination of these 
mechanisms. In the present 4 ' investigation more direct evidence has been 
obtained to demonstrate that this conversion.can occur within the tissued 
in the absence of the complicating effects of the intestinal flora. Develop¬ 
ing chick embryos were selected for these tests. Eggs from hens main¬ 
tained on a standard diet were incubated for a period of 7 days and injected 
with 2 ml. of a sterilized solution containing 30 mg. of L-tryptophan dis- 


Treatment 

Nicotinic acid content* 



Total 


7 pergm. 

mg. 

Controls. ... . 

14.1 ( 13 ) : 

0.91 

Tryptophan. 

17.5 (16) ; 

1.13 


Statistical analysis 

F val ue observed. j 17.98 

“ “ required (1% level).| 7.68 

* The number of embryos analyzed is given in parentheses. 

solved in 0.9 per cent saline adjusted to neutrality. Eggs injected with 2 
ml. of 0.9 per cent saline served as controls. The injection techniques 
devised were such as to minimize injury to the embryo and to minimize 
bacterial infections which may result from the manipulations used. After 
injection, the eggs were incubated for an additional 10 days. The entire 
contents of each egg were then homogenized in a Waring blendor with an 
amount of water equal to the original weight of the egg before incubation. 
Aliquots of the homogenates were autoclaved with an equal amount of 
2 n H 2 SO 4 for 30 minutes and, after appropriate preparation of the samples, 
the nicotinic acid content was determined microbiologically. Only those 
embryos that were alive at 17 days were taken for analysis. A summary of 
the results obtained for two separate experiments is presented in the ac¬ 
companying table. 

* Acknowledgments are made to Frances Panzer for valuable technical assistance. 
This work was supported in part by a grant from Swift and Company. 


20.25 

7.68 
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A statistical analysis of the data showed that the addition of tryptophan 
increased the nicotinic acid content and that the results are highly sig¬ 
nificant (P < 0.01). The values obtained for the controls are in excellent 
agreement with those reported by Snell and Quarles 1 for chick embryos of 
the same age. 

It may be concluded, therefore, that nicotinic acid is synthesized from 
tryptophan within the tissues as evidenced by the results obtained with the 
developing chick embryo. The results obtained substantiate the sugges¬ 
tions that tryptophan serves as a precursor of nicotinic acid synthesis in 
the chick, 2 turkey, 8 and other animals. 4 

Departments of Biochemistry and Nutrition , B. S. Schweigert 

Poultry Husbandry , and Genetics H. L. German 

Agricultural and Mechanical College of Texas M. J. Garber 

College Station 

Received for publication, April 2, 1948 


1 Snell, E. E., and Quarles, E., J. Nutr. t 22, 483 (1941). 

* Briggs, G. M., Groschke, A. C., and Lillie, R. J., J . Nutr. y 32, 659 (1946). 

1 Furman, C., Snell, E. E., and Cravens, W. W., Poultry Sc. } 26, 307 (1947). 

4 Singai, S. A., Briggs, A. P., Sydenstricker, V. P., and Littlejohn, J. M., J. Biol . 
Chem ., 166 , 573 (1946). Schweigert, B. S., and Pearson, P. B., J. Biol. Chem ., 168 , 
555 (1947); 172 , 485 (1948). Henderson, L. M., Deodhar, T., Krehl, W. A., and 
Elvehjem, C. A., J. Biol. Chem. t 170 , 261 (1947). 




BIREFRINGENCE OF FLOW OF PREPARATIONS OF MYOSIN* 
Sirs: 

Mommaerts 1 has reported that myosin, prepared according to Szent- 
Gyorgyi, has an extinction value of 12°, and that actomyosin orients 
parallel to the optical axis when studied in the birefringence of flow appara¬ 
tus. Von Muralt and Edsall 2 many years earlier had reported an extinction 
value of 12° for myosin preparations now presumed to have been actomyo¬ 
sin. During the course of an extensive study of the physical properties of 
the myosin complex we have had occasion to study birefringence of flow in 
an apparatus similar to the one described by Edsall et al? The results we 
have obtained appear to reconcile the previous observations. 

Crystalline myosin, obtained by an adaptation of the methods of Szent- 
Gyorgyi 4 and found to be homogeneous in the ultracentrifuge, was found to 
have an extinction angle of 22° when examined at velocities as great as 
1600 r.p.m. Fibrous actin, prepared from crude actomyosin or from ace¬ 
tone-desiccated muscle, was foimd to orient parallel to the optical axis at 
velocities as low as 100 r.p.m. When crystalline myosin and purified 
fibrous actin were mixed in the ratio of 3 parts to 1, on a basis of nitrogen 
content, the extinction was observed to change over a 2 hour period and at 
300 r.p.m. from an initial value of 35° to 12°. If the myosin-actin ratio was 
increased to 1 or greater, complete orientation was observed. When 
minute amounts of actin were mixed with crystalline myosin, an extinction 
of 12° was observed at high velocities. Actomyosin extracted from muscle 
by the methods of Weber and Meyer 5 was observed to have an extinction of 
12° at 300 r.p.m. It thus appeared that the increment in birefringence of 
flow of actomyosin over that of myosin was related to the actin content; the 
normal ratio in the actomyosin complex appeared to be approximately 3 
parts of myosin to 1 part of actin. 

The birefringence of flow of crystalline myosin and actomyosin but not 
of actin was foimd to be reduced by the addition of adenosine triphosphate 
(0.01 per cent solution). The reaction with myosin was monophasic, of 
small magnitude, and transient; with actomyosin the reaction was biphasic 
and sustained. The first phase of the reaction of adenosine triphosphate 

* These studies were supported by a grant from the United States Public Health 
Service. 

1 MommaertB, W. F. H. M., Nature , 166, 631 (1946). 

1 von Muralt, A. L., and Edsall, J. T., J. Biol . Chem ., 89, 351 (1930). 

1 Edsall, J. T., Gordon, C. G., Mehl, J. W., Scheinberg, H., and Mann, D. W., 
Rev . Scient. Instruments, 16, 243 (1944). 

4 Szent-Gyorgyi, A., Chemistry of muscular contraction, New York (1947). 

• Weber, H. H., and Meyer, K., Biochem . Z., 866, 137 (1933). 
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and actomyosin appeared to be identical with that observed with myosin. 
The second phase was sustained and of much greater magnitude; recovery 
from this phase resembled the combination of actin with myosin. Results 
of studies of viscosity and ultracentrifugal behavior under similar conditions 
will be presented in the near future. 

Laboratory for Hit Study of Hereditary Francis Binkley 

and Metabolic Disorders , and the Departments of 
Pathology and Medicine 
University of Utah School of Medicine 
Salt Lake City 


Received for publication, April 3, 1948 



A NEW MAGNESIUM-ACTIVATED ADENOSINTRIPHOS- 
PHATASE FROM MUSCLE* 


Sirs: 

Besides the ATPase 1 which is bound to the myosin fraction, 2 the muscle 
contains a second powerful ATPase which can be completely separated from 
myosin. Although it is mainjy responsible for the ATPase activity of fresh 
muscle extract, 8 it was overlooked owing to its instability. It is best ob- 



Fig. 1. Ordinate, Q P in hundreds. Mg concentration « 0.005 m. Curve I, a 
Mg-activated ATPase of rather low activity, in histidine buffer; Curve II, a crystalline 
myosin preparation, in borate; Curve III, myosin-actin (ratio 4:3) in acetate-veronal. 
Q v calculated on the basis of myosin only. 

tained by extraction with fairly alkaline KC1 solution (0.5 m, pH 10.5, 
carbonate buffer), dilution with 6 volumes of water, and precipitation of 
the supernatant (after centrifugation) with 0.35 saturated ammonium 
sulfate. Precipitation is repeated and the enzyme is further purified on 
precipitation by dilution with H 2 0. Finally the enzyme is dissolved in 
0.5 m KC1 and centrifuged at 18,000 X g for \ to 1 hour. The active 

* This work was aided by grants from the American Cancer Society and the United 
States Public Health Service. 

1 ATP, adenosine triphosphate; ATPase, adenosinetriphosphatase, splitting only 
one labile P group. 

* Engelhardt, W. A., and Lyubimowa, M. N., Nature , 144, 668 (1939). 

3 Lohmann, K., Biochem. Z., 881, 264 (1934). 
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precipitate contains some lipide besides protein. Nucleic acid can be re¬ 
moved without change of activity. Myosin and actomyosin are completely 
removed in the first steps of this procedure. Centrifugation increases the 
activity about 3 times. Q v (c.mm. of H 3 PO 4 per mg. of protein per hour) 
at pH 7.5 in the presence of 0.005 m Mg lies usually between 7000 and 
10,000, but decreases rapidly. The pH-activity curve is shown in Fig. 1. 
At pH 9.5 the activity is nearly zero. Ca inhibits strongly. The activity 
is therefore antagonistic to that of myosin. Addition of actin shifts the 
pH optimum of myosin-ATPase to more neutral values and also elicits 
some activation by Mg, as had been found by Szent-Gyorgyi. 4 This is 
shown in the dotted curves in Fig. 1. However, our Mg ATPase is free of 
actin and actin has no influence on its activity. 1 gm. of fresh muscle con¬ 
tains about as much of the new enzyme as of myosin ATPase (measured at 
their pH optima with Mg and Ca respectively). By its indifference to the 
presence of creatine, it is distinguished from muscle enzyme preparations 
described by other authors (Engelhardt, Cori). 

Department of Physiological Chemistry W. Wayne Kielley 5 

School of Medicine Otto Meyerhof 

University of Pennsylvania 
Philadelphia 

Received for publication, March 9, 1948 


4 Chemistry of muscular contraction, New York, 50 (1947). 
1 Senior fellow of the National Institute of Health. 



THE INTERMEDIATE ROLE OF CARBAMYL-l-GLUTAMIC ACID 
IN CITRULLINE SYNTHESIS* 


Sirs: 

The carbon dioxide fixation reaction in the initial step of the urea cycle 
has been assumed to involve the direct carboxylation of the a-amino group 



Fig. 1. Final substrate concentrations. Magnesium sulfate 6 X 10“** m; ATP 
1.2 X 10 " 3 m; AMP 4 X 10“ 4 m; potassium phosphate buffer at pH 7.15, 1.3 X 10~* m; 
fumarate 2 X 10“* m and potassium ions to bring the medium to isotonicity. Tissue 
concentration 4.76 mg. of N per flask. In experiments in which any given substrate 
concentration was not varied, the final concentration of each was as follows: am¬ 
monia 2 X 10~* m; ornithine (calculated on the basis of L-) 2.5 X 10~* m; carbamyl-L- 
glutamate 3.8 X 10 * m; L-glutamate 3.8 X 10“ s m. Incubation time 35 minutes at 38° 
in air. KOH in center wells. The open symbols represent experiments in which 
L-glutamic acid is used; the solid symbols, those in which carbamyl-L-glutamic acid 
is used. 

of ornithine. 1 A more detailed study of this reaction, with use of the 
washed residue from potassium chloride-homogenized rat liver® revealed 

* Aided in part by a grant from the Wisconsin Alumni Research Foundation. 

1 Krebs, H. A., in Annual review of biochemistry, Stanford University, 6 , 262 (1936). 

1 Cohen, P. P., and Hayano, M., J. Biol . Chem ., 172, 405 (1948). 
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that glutamic acid was acting as the initial acceptor for carbon dioxide. 1 
In the study of a large scries of compounds which might be expected to 
behave as intermediates in this reaction, it was observed that carbamyl-L- 
glutamic acid was highly active in the conversion of ornithine to citrulline. 
Thus this compound could be shown to be 2 to 3 times more active than 
L-glutamic acid in citrulline synthesis in the presence of carbon dioxide, 
and 10 to 15 times more active in the absence of carbon dioxide. Of in¬ 
terest is the finding that free ammonia is necessary for the reaction. The 
effects of varying concentrations of L-omithine, ammonia, carbamyl-L- 
glutamic acid, and L-glutamic acid on citrulline synthesis in a carbon 
dioxide-free medium are shown in Fig. 1. 

In the presence of ammonia, incubation of carbamyl-L-glutamic acid with 
the enzyme system aerobically followed by the addition of ornithine and 
anaerobic incubation results in citrulline synthesis. All efforts to date to 
make the over-all reaction ornithine —► citrulline proceed anaerobically 
have been unsuccessful. While carbamyl-L-glutamic acid behaves in 
many ways like a true intermediate in the synthesis of citrulline from 
ornithine, the requirements for free ammonia and aerobic conditions indi¬ 
cate that a closely related carbamino derivative of glutamic acid is involved. 
It is not excluded that the reaction involves two enzymatic steps, the first 
of which is the formation of carbamino-L-glutamic acid and the second of 
which is concerned with the fixation of ammonia. 

Laboratory of Physiological Chemistry Philip P. Cohkn 

University of Wisconsin Santiago Grisolia 

Madison 

Received for publication, March 11, 1948 


* Cohen, P. P., and Grisolia, S., Federation Proc, y 7, 160 (1948). 




ANTIPODAL SPECIFICITY IN THE INHIBITION OF GROWTH 
OF ESCHERICHIA COLI BY AMINO ACIDS* 


By YUTAKA KOBAYASHI, MARGUERITE FLING,f and SIDNEY W. FOX 
(From the Chemistry Department , Iowa State College , Ames) 

(Received for publication, November 28, 1947) 

The inhibitory action of D-leucine, d- valine, and DL-valine upon the growth 
of Lactobacillus arabinosus has been demonstrated experimentally (I, 2). 
Such studies are of interest in cellular chemistry. The specificities observed 
are related theoretically to those found in the substrates of proteases (3, 4). 
The information obtained is also pertinent to experiments on the retardation 
of growth of laboratory animals by nutritional amino acid mixtures (5) and 
to knowledge of the factors influencing microbiological assay (6). Data of 
this type may furthermore help to form a picture of the essential structures 
‘and modes of action of such antibiotics as gramicidin, tyrocidine, and 
penicillin (1, 2, 7). 

The study of bacterial inhibition by D-amino acids has now been extended 
to other species in order to determine whether or not the effect may be a 
special or general one. The effects on Escherichia coli reported here for 
D-valine and D-leucine are similar to those found with Lactobacillus arabi¬ 
nosus . A pattern of inhibition of the same sort has been observed for 
Staphylococcus aureus also. In the case of Staphylococcus aureus , however, 
the inhibitions were not consistently observed, although the majority of 
tests showed inhibition. The nature of this variation is receiving further 
investigation. 

The influences of amino acids on Escherichia coli have corresponded 
closely to the specificity of amino acid residues in substrates of proteases (3). 
These results differ qualitatively from those observed on Lactobacillus 
arabinosus in the case of D-alanine only. Attempts to clarify the knowledge 
of the particular function of D-alanine in these organisms were therefore 
made; data on the competitive behavior of D-alanine are presented below. 
The effect of D-alanine which has been studied concerns its ability to 
counteract the inhibition of bacterial growth by glycine. This relationship 
had previously been observed in Streptococcus lactis by Snell and Guirard (8) 

* Journal Paper No. J-1500 of the Iowa Agricultural Experiment Station, Project 
897, in cooperation with the Veterinary Research Institute. This work is supported 
in part by the Industrial Science Research Institute of Iowa State College. 

Some phases of this paper were presented before the American Society of Biological 
Chemists, May, 1947, at Chicago. 

t Present address, William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena. 
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Materials and Methods 

Amino Acids —The preparation of the six optical forms of alanine, valine, 
and leucine has been described (1, 2). The purification of benzoylalanine 
employed in the resolution of alanine was facilitated by washing out the 
contaminating benzoic acid with hot carbon tetrachloride, as for hippuric 
acid (9), instead of with ligroin (10). The glycine used was Merck’s amino- 
acetic acid. 

Growth of Microorganisms —The growth of Lactobacillus arabinosus 17-5 
was estimated by titration of acid produced (1). 

The growth of Escherichia coli was measured turbidimetrically! Stock 
cultures of Escherichia coli were maintained in the refrigerator by monthly 
transfer to nutrient agar slants (11). The identity of the organism was 
checked after completion of the experiments (12). Transfers for inhibition 
tests were made to tubes of nutrient broth (13) and incubated for 24 hours 
at 37 8 , centrifuged, washed with physiological saline solution, and resus¬ 
pended in 10 ml. of saline solution. 

The amino acids were included in tubes in 0.50 ml. of aqueous solution, 
and 0.50 ml. of nutrient broth was added to each tube. These tubes were 
sterilised for 15 minutes at 15 pounds steam pressure, allowed to cool, and 
inoculated with 1 drop of the shaken suspension. They were then incu¬ 
bated for 24 hours at 37°, treated with 9.0 ml. of water each, shaken thor¬ 
oughly, and read in a Coleman model 11 spectrophotometer with Filter 
PC-4 at 450 mu. 

Standard dilution curves were determined for each experiment in order to 
evaluate variations in the rate of growth of the control. These standard 
curves were prepared by dilution of the incubated control tubes with ap¬ 
propriate amounts of nutrient broth solution which had been diluted to 
one-twentieth of its original concentration. The spectrophotometer scale 
was set at 100 per cent transmission with this latter solution. 

For the experimental tubes, the galvanometer readings were converted to 
a calculated value, growth ratio , in order to furnish a basis of comparison 
between sets of experiments. The growth ratio was determined by reading 
from the corresponding standard dilution curve the per cent of maximum 
growth (in absence of inhibitors) to which the observed turbidity cor¬ 
responded. 

EXPERIMENTAL 

In Fig. 1 is presented a typical standard curve for the relationship of 
galvanometer readings and successive dilutions of a control culture of 
Escherichia coli. 

In Fig. 2 is presented a typical series of curves illustrating the growth 
ratios of Escherichia coli in the presence of glycine, D-alanine, n-valine, and 
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Fig. 1. Graph of galvanometer readings and successive dilutions of a control 
culture of Escherichia coli. 



Fig. 2. Effects of varying amounts of n-leucine, n-valine, d -alanine, and glycine 
on the growth of Escherichia coli . The growth ratio was determined by reading from 
the corresponding standard dilution curve the per cent of maximum growth (in 
absence of inhibitors) to which the observed turbidity corresponded. 

D-leucine. In all cases tbe inhibition by D-amino acids on an equimolar 
basis was in the order D-leucine > d- valine > D-alanine. In no case were 
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the L forms inhibitory in the range studied. Glycine was more inhibitory 
than D-alanine. 

An evaluation of the variation in extent of inhibition may be obtained 
from the results presented in Table I, at a common value of 0.050 m of the 
added n-valine or D-leucine. These results were obtained in a graphically 
sensitive region of concentration; at 0.100 m all d- valine and D-leucine tubes 


Table I 

Inhibition of Escherichia coli by -Valine and d -Leucine at 0.050 if Concentration 


Experiment No. 

Growth ratio 

D-Valine 

D-Leucine 


per cent 

per cent 

4 

33 

21 

5 

49 

37 

6 

43 

30 

7 

33 

14 


Table II 


Effect of Pyridoxine and Alanine on Inhibition of Lactobacillus arabinosus Caused 
by Glycine , n-Valine, and v-Leucine 


Addition to basal medium (2.50 ml.) in tube 


None. 

15 mg. glycine. 

30 “ “ . 

30 “ “ +30 mg. L-alanine — 

30 “ “ +30 “ D-alanine... 

30 “ “ + 0.5 mg. pyridoxine. 

30 “ D-leucine. 

30 “ “ + 30 mg. L-alanine... 

30 11 “ +0.5 mg. pyridoxine 

30 “ D-valine + 30 mg. L-alanine... 


Average, 0.100 N acid produced 



ml. 


2.39 

db 

0.02 

2.18 


0.01 

1.48 

db 

0.06 

2.56 

± 

0.05 

2.69 

zfe 

0.04 

2.35 

+ 

0.03 

1.17 

± 

0.07 

1.25 

± 

0.02 

1.40 


0.01 

1.30 

± 

0.10 


were visually clear. The set of four experiments in Table I was preceded 
by three experiments which showed the same trends but which lacked 
sufficient points in the curves for interpolation to 0.050 m. 

The effect of glycine upon the growth of Lactobacillus arabinosus, in com¬ 
bination with other substances, is illustrated in the data in Table II. 
Table II shows that the inhibition caused by glycine is reversed by either 
D-alanine or L-alanine, or by pyridoxine. It may be noted that d- and l- 
alanine were equally effective. The inhibition caused by D-leucine is, how¬ 
ever, not reversed by either L-alanine or pyridoxine. The same lack of 
reversibility is found for the inhibition by D-valine, 
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In Table III are presented the effects of some of these same substances on 
Escherichia coli . For this species D-alanine is inhibitory, and the inhibition 
by glycine is not reversed by L-alanine, D-alanine, or pyridoxine. 


Table III 

Effect of Pyridoxine and Alanine on Inhibition of Escherichia coli Caused by Glycine 
All results were observed in duplicate. 


Addition to basal medium in tube 

Effect 

None. 

Normal visible growth 
. No visible growth 

tt ti tt 

25 mg. glycine. 

25 u D-alanine. 

25 “ L-alanine. 

Normal visible growth 

No visible growth 

a << tt 

25 “ glycine •+■ 25 mg. D-alanine. 

25 “ “ -f- 25 “ L-alanine. 

25 ** ** -f* 0.5 mg. pyridoxine. 

tt tt tt 




DISCUSSION 

The inhibitory action of some of the D-amino acids upon bacterial growth 
is an effect which is not limited to the first species studied, i.e., Lactobacillus 
arabinosus. At least two other species of bacteria are so affected, and pre¬ 
liminary evidence exists for retardation of growth of laboratory animals by 
high levels of D-amino acids. The concentrations of D-amino acids which 
are necessary for inhibiting bacterial growth are higher than those usually 
employed for practical use of other antibacterials. On the other hand the 
relatively low mammalian toxicity of some D-amino acids (14,15) does not 
warrant preclusion of investigation of such properties. The conceivable 
long term detrimental effects which might result from certain D-amino 
acids, when present in solutions employed in large amounts clinically, re¬ 
quire further study. Of related interest is an investigation of the effects of 
D-amino acids and derivatives upon neoplasms. 1 

The antipodal specificity found for the amino acids in the present studies 
makes it desirable to consider that some of the bacterial inhibitions which 
have been reported for DL-amino acids (16, 17) may have been due to the 
d isomer. On the other hand, in some cases the activity of the racemate is 
not the average of the activities of the optical isomers. DL-Valine, for 
instance, had almost the same activity against Lactobacillus arabinosus as 
had D-valine (2). Analogous behavior has been reported for substrates of 
proteases (18,19), but more recent results (20) are at variance with one of 
these reports (19). In the other case (18), chymotrypsin failed to hydrolyse 
benzoyl-DL-tyrosylglycylamide, although it hydrolyzed the l isomer. The 
explanation which has been offered is that the racemate in solution repre- 

1 Fox, S. W., and Wax, H., unpublished experiments. 
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sents a third substance with distinct properties. The distinct nature of 
such properties is well illustrated in the solubilities of the various forms of 
amino acids (21) and in the values for the heats of combustion of DL-leucitte 
as compared to that of either D-leucine or L-leucine (22). With the added 
fact that L-amino acids possess inhibitory activity in some experiments (23), 
it appears that conclusions in bacterial experiments can be drawn most 
safely in comparisons between l and d forms rather than between l and 
dl molecules. 

A similarity in type of inhibition of growth of bacteria by D-amino acids 
to their effects as substrate residues for proteases has been cited for the 
belief that D-amino acids may interfere quite directly with the action of 
“proteosynthetic” enzymes (2). This analogy was based upon the non- 
hydrolyzability of peptide substrates on one hand (3) and on effects of added 
unsubstituted D-amino acids (2) on the other. It is therefore of interest 
that Abderhalden and Abderhalden (4) found that added D-leucine itself 
greatly decreases the hydrolytic activity of peptidases from a variety of 
sources. If one accepts the concept that a proteolytic enzyme catalyzes 
the same reaction in both directions, the accumulated observations sub¬ 
stantiate the interpretation that the D-amino acids studied hinder bacterial 
growth by interfering with proteolytic (= proteosynthetic) enzymes. 

The correspondence of the bacterial effects and the substrate effects was 
close enough to suggest originally such a conclusion (2) for Lactobacillus 
arabino8US. This correspondence held for both isomers of valine, both 
isomers of leucine, and for L-alanine, but not for D-alanine. In the case of 
Escherichia coli, the correspondence holds for all six forms, since D-alanine 
is inhibitory to this species. On such a basis, the effect of D-alanine on 
L. arabinosus is anomalous. A clue to such behavior is found in the ability 
of alanine, especially D-alanine, to reverse the inhibition by glycine. The 
effect was observed in Streptococcus faecalis R by Snell (24) and such be¬ 
havior has also been found here to hold for L. arabinosus. Snell suggested 
that D-alanine functioned as an intermediate in an inefficient conversion to 
pyridoxine. Perhaps the important points in the present study are that E. 
coli, which is inhibited by D-alanine, cannot use it in the same way as L. 
arabinosus does (Tables II and III), and that the pattern of inhibition by 
monoaminomonocarboxylic acids for E. coli bears such a close analogy to 
the effects with peptidase substrates. 

Besides the parallelism in the enzymic and bacterial effects of alanine, 
valine, and leucine, analogous behavior is also seen with glycine. Glycine 
is found to be inhibitory for the two species of organisms reported here and 
for others reported previously (8, 25). The glycine residue also exhibits 
the property of interference with hydrolysis by enzymes (3,26) as exempli¬ 
fied by “sluggish” peptidolysis of glycylglycine. 
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The relationship of the D-amino acids to antibiotic D*amino acid deriva¬ 
tives is receiving further attention. The D-amiho acid residue has been 
shown to be one of a number of critical structural features for penicillin 
through comparison of the activity with the l isomer (27). The corre¬ 
sponding investigation for gramicidin, requiring the preparation of a 
gramicidin type molecule containing only l residues is not readily feasible 
by present synthetic methods. A number of molecules in which the D- 
amino acid residue is repeated do not, however, have high antibacterial ac¬ 
tivity.* If the D-amino acid residue is generally critical for antibiotics of 
the penicillin and gramicidin classes, other structural features must be con¬ 
currently critical. 

SUMMARY 

The growth of Escherichia coli , like that of Lactobacillus arabinosus f is 
inhibited by added D-amino acids, at levels at which the l forms do not 
exhibit such an effect, d-A lanine, which is not inhibitory for Lactobacillus 
arabino8us , slows the growth of E. coli to a lesser extent* than do D-valine or 
D-leucine. These effects of amino acids on E. coli correspond closely to 
those observed by others for the hydrolyzability of peptides, constructed 
from these same amino acids, when subjected to the action of peptidases. 

High levels of added glycine inhibit both Lactobacillus arabinosus and 
Escherichia coli. In the case of the former species, this inhibition is coun¬ 
teracted by added D-alanine or pyridoxine, whereas such addition to the 
culture medium of Escherichia coli fails to counteract these effects. 

The theoretical implications of the results reported are discussed. 
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FLUOEOPHOTOMETRIC METHOD FOR THE ESTIMATION 
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«< 

While salicylates are among the most frequently prescribed drugs, meth¬ 
ods for their determination in blood have been neither sufficiently sensitive 
nor precise. Brodie, Udenfriend, and Cobum (1) have devised a procedure 
suitable for the clinical measurement of blood salicylate levels if large doses 
are given. In their method the salicylate is extracted from acidified plasma 
with ethylene dichloride. A portion of the ethylene dichloride is removed 
and shaken with an aqueous ferric nitrate solution to produce a colored iron 
complex. Cobum (2) advises the use of quantities of plasma larger than 1 
ml. if the salicyl “radical” is less than 100 y per ml. Peters (3,4) has drawn 
attention to the low sensitivity of the method. Volterra and Jacobs (5) 
applied the xanthoproteic reaction to trichloroacetic acid filtrates for the 
determination of salicylates. However, their serum blanks in normal sub¬ 
jects were relatively large, corresponding to 3 mg. per cent. 

In the method to be presented a simple physical phenomenon, the bluish 
violet fluorescence of the salicylate ion on exposure to ultraviolet light, will 
be used for its measurement. Under suitable conditions a high degree of 
specificity and sensitivity can be attained. 

Principle —Salicylates are quantitatively separated from proteins by pre¬ 
cipitation of the latter with a dilute tungstic acid reagent. Strong alkali 
is added to increase the fluorescence of the salicylate ion about 9-fold. The 
blank fluorescence of plasma without salicylate is negligible. The fluores¬ 
cence is measured directly in a fluorophotometer with the same filters as in 
the vitamin Bi determination. 

Reagents — 

1. Standard salicylate solution (equivalent to 100 mg. of salicylic acid per 
100 ml.). 116 mg. of sodium salicylate are dissolved in exactly 100 ml. of 
water. Working standards are prepared by dilution with water. Store in 
the refrigerator. 

2. 19 per cent HC1. 

3. Ethylene dichloride. Do not pipette. 

4. 40 per cent NaOH. 

5. Dilute tungstic acid reagent. 10 per cent sodium tungstate, 1 volume, 

* Assisted by a fellowship from the Emanuel Libman Fellowship Fund. 
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mixed with 8 volumes of n/12 sulfuric acid. This solution must be pre¬ 
pared fresh every 2 weeks. 



Fig. 1 . Standard curve of salicylate fluorescence. Salicylate added to reagent 
blank mixture. 


Procedure 1; Clinical Method 

To 1 ml. of oxalated or citrated plasma (not hemolytic) in a test-tube, add 
slowly, with shaking, 9 ml. of tungstic acid reagent. After 10 minutes filter. 
Pipette 5 ml. of filtrate into another test-tube and add 7 ml. of 40 per cent 
NaOH. Mix. The reagent blank reference solution contains 5 ml. of tung¬ 
stic acid and 7 ml. of NaOH. Place the solutions in a fluorophotometer 
for measurement within 30 minutes after adding the alkali. 

Fluorophotometric measurement was performed with an instrument con- 
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taming a balanoe photocell and bridge circuit (Lumetron 1 ). The same filters 
as in the vitamin Bi determination are used (maximum transmission of 
primary 3700 A, of secondary4600 A). The sensitivity of the galvanometer 
(Rubicon Company) was 0.0025 miUiampere per millimeter. The standard 
(1 ml. of the standard salicylate solution plus 11 ml. of water) is set at a slide 
wire reading of 30. The reagent blank is set at 0 with the zero suppressor 
control. The entire 12 ml. are added to the sample holder (15 ml. capacity) 
for measurement. Slide wire readings are taken after a 2 minute exposure 
to the ultraviolet light. The values are then read off a standard curve 
and multiplied by 2 to correct for dilution. 

The standard reference curve for the clinical method (Fig. 1) is prepared 
by adding varying amounts of standard salicylate solution to the reagent 
blank mixture. With this procedure the blank reading of plasma without 
salicylate is of the order of 1 mg. per cent of salicylic acid. 

Procedure 2; Modification of Ethylene Method ( 1) 

To 1 ml. of plasma in a 50 ml. separatory funnel add 0.2 ml. of 19 per cent 
HC1 and mix. After 10 minutes, 10 ml. of ethylene dichloride are added 
from a graduated cylinder and the separatory funnels are shaken for 3 min¬ 
utes. The lower layer is transferred to a glass-stoppered test-tube in 
which 5 ml. of 40 per cent NaOH had previously been placed. Shake for 1 
minute. Separate by centrifuging for 5 minutes at moderate speed. 
Plunge the pipette through the upper layer and draw off 4 ml. of the aqueous 
phase into a test-tube. Add 8 ml. of water, mix, and measure the fluores¬ 
cence as above. A reagent blank is run simultaneously. The standard 
curve is made by subjecting varying amounts of standard salicylate solu¬ 
tion to the same procedure. The blank on plasma not containing salicylate 
is zero. 


EXPERIMENTAL 

The fluorescence of salicylate varies with the pH of the medium. Sali¬ 
cylic acid in distilled water does not fluoresce, whereas sodium or lithium 
Balicylate in distilled water exhibits a bright bluish violet fluorescence on 
exposure to ultraviolet light. When the salicylates were investigated as 
fluorescent pH indicators, it was recorded that the fluorescence appears at 
a pH of 2.5 (6) or 3.0 (7). A sensitive galvanometer can detect fluorescence 
at even lower pH values. In ultraviolet light a neutralized aqueous solu¬ 
tion of sulfosalicylic acid has the identical bluish violet fluorescence. Sali- 

1 Photovolt Corporation, New York. 



402 


SALICYLATE IN BLOOD 


cyluric acid* in distilled water does not fluoresce. If alkali is added to a 
salicyluric acid solution, the fluorescence appears at a pH of about 6.3. 

The following experiment shows the intensification of fluorescence by 
alkali. The same concentration of salicylate was used (1.16 mg. of sodium 
salicylate in 12 ml. of water). As the concentration of alkali was increased 
to 10 N, the fluorescence rose to twice the reading in distilled water with 
NH*OH and nine times when NaOH was used. In Fig. 2 the increase in 
fluorescence was plotted against concentration of NaOH on a semilog graph. 



SLIDE WIRE READING 

Fig. 2. Increase of fluorescence of salicylate with alkali 

With the increase in alkali concentration the fluorescence increased mark¬ 
edly, forming an S-shaped curve. 

In strong alkali the fluorescence of salicylate deteriorates slightly during 
continuous exposure to ultraviolet light. No decay of fluorescence was 
noted at high pH in the absence of ultraviolet light. Highly reproducible 
readings can be made if one exposes the solution to be examined to ultra¬ 
violet light for a definite period of time. 2 minutes of irradiation with 
ultraviolet light were found sufficient to allow for the decrease in fluores- 
cense of the plasma blank to a negligible quantity. 

The data in Table I indicate that varying quantities of sodium salicylate 

* Kindly supplied by Dr. Bernard B. Brodie, New York University College of 
Medicine, New York. 
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added to. 1 ml- of plasma are recoverable with satisfactory precision. The 
values given are expressed as salicylic acid in accord with routine usage. 
By this method the drug content of the plasma was recovered with accuracy 
down to 2 mg. per cent of salicylic acid. 

Analyses run on plasma samples of salicylates over a period of a week 
gave highly reproducible results.. It may be concluded, therefore, that the 
salicylate fluorescence is unchanged if the plasma is stored in the refrigerator. 

Table I 


Recovery of Sbdium Salicylate Added to Plasma* 


Added 

Found 

'Added 

Found 

mg. 

mg. 

mg. 

mg. 

0.02 

0.02 

0.30 

0.29 


0.02 


0.30 


0.02 


0.30 


0.02 


0.31 

0.05 

0.04 


0.31 


0.05 

0.40 

0.39 


0.05 


0.39 


0.05 

i 

0.40 

0.10 

0.10 


0.40 


0.10 


0.41 


0.10 

0.50 

0.49 


0.10 


0.52 


0.11 


0.53 

0.20 

0.19 




0.19 




0.20 




0.20 




0.20 




* Values expressed as salicylic acid. 


DISCUSSION 

The fluorometric method is more sensitive than the colorimetric, quan¬ 
tities of salicylate as low as 1 to 2 mg. per cent being detectable. Such 
measurements are without significance if the plasma blank is not zero. In 
the ethylene dichloride procedure a zero plasma blank is obtained. The 
direct method on protein-free filtrates is applicable to measurement of low 
concentrations if the plasma blank determined prior to the administration 
of salicylate is known. In ordinary clinical usage with the latter procedure 
the plasma blank was found to be 1 mg. per cent or less. The latter method 
has the advantage of reference standards made up directly, whereas with 
the ethylene dichloride the extraction of standards is necessary. 

In urine the “salieyl” is present either as free salicylic acid or as some con- 
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jugated product (salicyluric acid or glucuronide (8)). By use of both eth¬ 
ylene dkhloride and carbon tetrachloride methods, Brodie et aL (1) demon¬ 
strated the absence of appreciable amounts of salicyluric acid in a series of 
plasma samples from patients on sodium salicylate therapy. By the direct 
method presented in this communication total salicylate (both free and con¬ 
jugated) would be measured, whereas free salicylic acid alone is estimated 
by the ethylene methods. 


SUMMARY 

Solutions of salicylate fluoresce a bright bluish violet under ultraviolet 
light. The fluorescence is intensified by addition of alkali. A simple pro¬ 
cedure for direct determination of salicylates in protein-free blood filtrates 
is described. The fluorescent method offers rapidity and greater sensitivity 
than previous methods. 
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STUDY OF A NEW STIMULATORY GROWTH FACTOR 

By LLOYD G. COLIO and VIRGINIA BABB 
( From, the Wyeth Institute of Applied Biochemistry, Philadelphia ) 

(Received for publication, February 20, 1948) 

During the investigation of the folic acid content of natural substances, 
it was found that aqueous extracts of malt sprouts when assayed with 
Streptococcus lactis R yielded abnormally high values for this vitamin. 
Further studies proved that the effect is produced by a growth factor 
unidentifiable with any of the known vitamins, amino acids, strepogenin, 
or glutamine. It was stimulatory for S . lactis R and Lactobacillus casei. 
The presence of a growth factor for S . lactis R in malt sprouts was reported 
by Ruegamer et al. (1). Unlike the S . lactis R factor of Keresztesy, Rickes, 
and Stokes (2) the malt sprout factor appears to be equally effective for S. 
lactis R and Lactobacillus casei. 

The malt sprout factor is not essential for the growth of these organisms 
even for short periods of incubation except when very small inocula are 
used. On the other hand, heavier growth results on addition of malt 
sprout factor with the usual inoculum regardless of whether strepogenin, 
excess amino acids, or excess vitamins are present in the media used in the 
investigation. 


EXPERIMENTAL 

Preparation of Extracts —20 gm. of dried malt sprouts 1 are extracted with 
200 ml. of distilled water in a Waring blendor for 10 minutes. The extract 
is filtered through paper and some fine suspended matter is separated by 
centrifuging at high speed. The supernatant contains the malt sprout 
factor and may be stored in the refrigerator for months without loss of 
activity. 

Method of Assay with Streptococcus lactis R —Varying volumes of the 
extract are placed in a series of ten tubes and distilled water added to a 
final volume of 5 ml. To each tube are added 5 ml. of the broth described 
in Table I. The tubes are shaken and autoclaved 5 minutes at 120°. After 
cooling, the tubes are inoculated with 1 drop of the suspension prepared as 
described below. The tubes are shaken and incubated at 30°. Appro¬ 
priate controls are included. After incubating 16 to 18 hours, the tur¬ 
bidity of each tube is read in the Klett-Summerson colorimeter with the 
red filter. Table II illustrates typical results obtained with malt sprout 

1 Supplied by Viteena Feed Mills, Inc., St. LouiB. 
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factor extract when either enzyme digest of casein or acid-hydrolyzed 
casein was used as the amino acid source with the same basal medium. 


Table I 

Composition of Media ( Double Concentration) 


Vitamin - free acid - hy- 

1.0 gm. 

Adenine sulfate 

2 mg. 

drolyzed casein or cn- 


Guanine hydrochloride 

2 

zyme digest of casein 


Xanthine 

2 

k 2 hpo 4 

0.5 “ 

Uracil 

2 

Sodium citrate 

5.0 “ 

Folic acid (Lederle) 

10 y 

Glucose 

4.0 “ 

Thiamine hydrochloride 

40 

L-Cystine 

40 mg. 

Riboflavin 

40 

DL-Tryptophan 

40 “ 

Nicotinic acid 

120 

Asparagine 

20 

Calcium pantothenate 

80 

DL-Alanine 

40 

Pyridoxine hydrochloride 

240 

Salt Solution 13* 

1 ml. 

p-Aminobenzoic acid 

Biotin 

Glass-distilled water 
Adjust pH to 6.8 

2 

0.08 41 

100 ml. 


* Salt Solution 13 contains NaCl 0.5 gm., MgSOWHjO 10 gm., FeS(V7H 2 0 0.5 
gm., MnS(V2H 2 0 0.337 gm., glass-distilled water 250 ml. 


Table II 

Growth Response of Streptococcus lactis R to Increasing 
Quantities of Malt Sprout Factor 


Turbidity* 


Malt sprout factor added per tube 

Source of amino acids 


Acid-hydrolyzed casein 

Enzyme digest of casein 

ml . 

0.005 

77 

147 

0.01 

103 

138 

0.03 

151 

162 

0.05 

172 

170 

0.08 

192 

195 

0.10 

198 

210 

0.50 

218 

244 

1.0 

238 

272 

None 

40 

122 


* Turbidity measured on a Klett-Summerson colorimeter. 


Preparation of Inoculum —Stock cultures of Streptococcus lactis R are 
carried in stabs made by adding 1.5 per cent agar to the broth in Table I, 
diluted with an equal volume of water and containing 1 mg. of Wilson’s 
liver fraction L 2 for each 10 ml. Daily transfers are made to broth of the 

* Liver fraction L produced by The Wilson Laboratories, Chicago. 
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same composition with the liver fraction added. After incubating 18 to 
20 hours at 30°, the culture is centrifuged and washed three times with 10 
ml. of normal saline. After the third washing, the organisms are suspended 
and diluted with normal saline to give a reading of 30 to 35 in the Klett- 


Table III 

Growth Response Produced by Addition of Various Supplements to 
Media with and without Malt Sprout Factor 



* 


Turbidity* 

Supplement added 

Supplement 
per tube 

Malt sprout 
factor 
per tube 

Amino acid source 


Add-hydro¬ 
lyzed casein 

Enzyme digest 
of casein 


mg. 

ml. 

1 


No addition made 

0 

0 

60 

122 


0 

1.0 

211 

228 

Wilson liver fraction L 

5.0 

0 

145 

173 


5.0 

1.0 

222 

238 

Amino acid mixturef 

4.0 

0 

30 

77 


4.0 

1.0 

205 

236 


10.0 

0 

8 

28 


10.0 

1.0 

170 

142 

i 

ml. 




Vitamin mixture]; 

1.0 

0 

61 

117 


1.0 

1.0 

195 

236 


2.5 

0 

49 

68 


2.5 

1.0 

170 

219 


mg. 




Enzyme digest of casein 

100 

0 i 

110 

141 

! 

100 

1.0 

243 

264 

i 

200 

0 

109 

138 

1 

i 

200 

1.0 

226 

247 


* Inoculum — Streptococcus lactis R as described above. Turbidity read on Klett- 
Summcrson colorimeter. 

t Contains 2 mg. of each of all the known amino acids per ml. 

' J The vitamin mixture contains thiamine hydrochloride 2 7 , niacin 6 7 , p-amino- 
benzoie acid 0.1 7 , riboflavin 2 7 , pyridoxine hydrochloride 12 7 , pyridoxal hydro¬ 
chloride 6 7 , biotin 0.004 7 , calcium pantothenate 4 7 . 

Summerson colorimeter. The final inoculum is prepared by diluting this 
suspension 1000 times with normal saline. 

Before any conclusion could be reached, it was necessary to eliminate 
the possibility that this stimulation might be due to strepogenin, amino 
acids, or vitamins. Two media were used for the study, having identical 
composition (Table I) with the exception of the amino acid source. One 
medium contained 50 mg. of enzyme digest of casein and the other 50 mg. 
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of acid-hydrolyzed casein per 10 ml. Supplements of the substances 
tested were made to both media. For the source of strepogenin Wilson’s 
liver fraction L and enzyme digest of casein were employed. A stock 
solution of all the amino acids and one ol all of the known vitamins were 
added, as indicated in Table III, in addition to the quantities already 
present in the medium. The results are summarized in Table III. The 
values obtained with the enzyme digest of casein are higher than those with 
acid-hydrolyzed casein, owing probably to strepogenin activity. In every 
instance, while the addition of supplements did not materially affect the 
growth response over that obtained in control tubes, the addition of 1 ml. 
of malt sprout factor produced a marked response. It is interesting to note 
that there is inhibition of growth with increasing amounts of vitamins or 
amino acids in crystalline dl form. No such reaction occurs when amino 
acids are increased as in the enzyme digest of casein. Even with this 
inhibitory effect malt sprout factor produces a pronounced growth stimu¬ 
lation. 


Table IV 

Heat Stability of Malt Sprout Factor; Klett Readings 


Malt sprout factor per tube 

Autoclaved 5 minutes at 120° 

Sintered glass filter 

ml. 



0.5 

106 

120 

1.0 

■ 

170 

168 


DISCUSSION 

Thus malt sprout factor appears to contain a factor, or factors, which 
elicits a growth response not obtained by any of the known growth factors 
listed in Table III. A cursory examination of other sources for this factor 
reveals that it is present in aqueous extracts of whole fresh liver, barley 
leaf meal, and fresh tomato juice. It is not present in pernicious anemia 
liver concentrates, whey, horse serum, or Wilson’s liver fraction L. 

Malt sprout factor is differentiated from the factor of Keresztesy, Rickes, 
and Stokes (2), since it appears to have approximately the same activity 
for LactobacMus casei as it does for Streptococcus lactis . They also mention 
that folic acid can replace their factor for all bacteria which utilize the latter. 
Folic acid does not produce the response obtained with malt sprout factor. 
As demonstrated in Table IV, malt sprout factor is stable to autoclaving 
and, since it is not present in liver concentrates, it appears to differ from the 
factor discussed by Ruegamer et al . (1). Hall (3) reported the replacement 
of folic acid by histidine and its effect on Streptococcus lactis. Since the 
broth used in the present paper contained added histidine and gave no 
apparent response, malt sprout factor cannot be identified with it. 
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It is apparent that this factor can interfere with microbiological assays 
in which the incubation period is short. This discrepancy is most evident 
when large quantities of the material to be tested are used. The data on 
the effect of this factor over longer periods of incubation are not complete 
at this time. 

With work now in progress to purify this factor, or factors, it is hoped 
that a more thorough examination of the effect of this stimulation in micro¬ 
biological assays can be made. 


SUMMARY 

A stimulatory factor in malt sprouts effective for Lactobacilli w casei and 
Streptococcus lactis R has been examined and found to differ from known 
vitamins, amino acids, strepogenin, and other growth factors. It is present 
in other natural substances and is heat-stable. 

The possible effect of this stimulatory factor in microbiological assays is 
discussed. 
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A NOTE ON THE APPLICATION OF THE COLORIMETRIC 
NINHYDRIN DETERMINATION TO STUDIES OF 
ENZYME KINETICS 


Br GEORGE W. gCHWERT 

(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina ) 

*t 

(Received for publication, March 1, 1948) 

Although the validity of the colorimetric determination of single amino 
acids with ninhydrin, described by Harding and MacLean (1), is unques¬ 
tioned, the failure of this determination for mixtures of amino acids, 
together with the observation that ninhydrin produces a color with ammo¬ 
nia (2) and with certain amines and amides (3), seems to have led to the 
neglect of this useful procedure. The discovery by Bergmann and his 
coworkers (4, 5) of simple synthetic substrates for proteolytic enzymes has 
provided a powerful tool for the study of enzyme kinetics, but the analytical 
methods commonly used have been the limiting factor, both in time and 
accuracy, in these studies. 

A determination of the absorption spectrum of the color developed with 
phenylalanine in the Harding-MacLean method with a Coleman junior 
spectrophotometer revealed a rather sharp maximum at 572 m/*. Nin-< 
hydrin-pyridine-water blanks have a minimum absorption in this same 
region so that unchanged ninhydrin causes no interference with the deter¬ 
mination. Although the color developed by quantities of DL-phenylalanine 
up to 10 micromoles was found to follow Beer’s law when transmissions 
were measured at 572 m/*, to date a suitable blank has not been found, with 
the result that the straight line relating per cent transmission on a semi- 
logarithmic scale to quantity of phenylalanine does not pass through the 
point corresponding to zero phenylalanine and 100 per cent transmission. 
The intersection of the calibration line with the 100 per cent transmission 
axis occurs at 0.3 micromole of phenylalanine. This value must be re¬ 
garded as the present lower limit of the method. 

Harding and MacLean (1) did not apply the method to quantities of 
amino acids greater than 3.6 micromoles, but it has been found that the 
quantities of reagents used by these workers are adequate for amounts of 
phenylalanine up to 5 micromoles. The determinations were extended to 
10 micromoles by simply doubling the quantities of reagents used; i.e. y by 
using 2 ml. of 10 per cent pyridine and 2 ml. of 2 per cent ninhydrin. A 
series of determinations indicated that quantities of phenylalanine between 
0.5 and 10 micromoles could be estimated with an error not greater than 

411 



412 


COLORIMETRIC NINHYDRIN DETERMINATION 


0.06 micromole for the lowest concentration and 0.1 micromole for the 
highest concentration. 

Representative results obtained in following the hydrolysis of carbo- 
benzoxyglycyl-DL-phenylalanine (0.048 m with respect to the L form) by 
carboxypeptidase (4.03 X 10“ 4 mg. of N per ml. of reaction solution) in the 
presence of 0.0025 m D-phenylalanine are shown in Table I. 1 The enzy¬ 
matic reaction was run at 25° in 0.04 m phosphate buffer, pH 7.50, which 
was 0.1 m with respect to LiCl. The blank consisted of substrate and 
D-phenylalanine, the enzyme contributing no detectable color at this low 
concentration. The substrate alone at a concentration of 0.05 m gave 99 
per cent transmission. 2 0.2 ml. samples were withdrawn at intervals and 


Table I 

Hydrolysis of Carbobenzoxyglycyl-ij-phenylalanine by Carboxypeptidase 


Time 

Transmission 

Concentration 

of 

phenylalanine 

Hydrolysis 

k* 

Calculated 

hydrolysisf 

min. 

per cent 

micromoles 
per ml. 

Per cent 

I0r* seer 1 

i 

per cent 

22 

79.8 

6.8 

14.2 

7.01 

14.2 

42 

63.5 

12.3 

25.6 

7.06 

25.5 

62 

52.7 

16.8 



35.1 

82 

43.5 

21.5 

! 44.8 

7.24 

43.5 

102 

39.4 

23.9 


6.78 


123 

33.9 

27.5 

57.3 

6.94 

57.6 

Mean. 




7.00 



* Apparent first order reaction constant. 

t Calculated from mean value of apparent first order reaction constant. 


the color developed was diluted to 100 ml. Transmissions were read in 
10 X 75 mm. cuvettes. 

This method has been adopted for routine work in this laboratory and 
has been found to give results in good agreement with, but much more con¬ 
sistent than, those obtained by the ninhydrin determination of free amino 
acids in the Van Slyke manometric apparatus. The increased sensitivity 
of the colorimetric method is being utilized in a detailed study of the mech- 

1 The results presented here were obtained by Miss Elaine Elkins of this laboratory 
in the course of an investigation which will be fully reported in the near future. 

1 This is true only for freshly prepared solutions of this substrate. Prolonged 
storage of the solution, even in the cold, causes sufficient spontaneous hydrolysis to 
produce an appreciable color with the present method (equivalent to up to 10 per 
cent absorption). This introduces a serious error in kinetic studies with carboxy¬ 
peptidase when carbobenzoxyglycyl-DL-phenylalanine is used as the substrate, since 
the D-phenylalanine formed by spontaneous hydrolysis may strongly inhibit enzy¬ 
matic activity (6). 
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anism of the hydrolysis of carbobenzoxyglycyl-L-phenylalanine by carboxy- 
peptidase. 

This work has been supported by grants from the Rockefeller Foundation, 
from the National Institute of Health, United States Public Health Service, 
and from the Duke University Research Council. 

SUMMARY 

The utility of the colorimetric amino acid determination of Harding and 
MacLean in studies of the reaction kinetics of proteolytic enzymes with 
synthetic peptides has been demonstrated. 
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OXIDATION OF INOSITOL BY ACETOBACTER SUBOXYDANS* 


By HERBERT E. CARTER, CAROL BELINSKEY,t R. K. CLARK, Jr., 
EDWIN H. FLYNN, BETTY LYTLE,t G. E. McCASLANDJ and 
MARY ROBBINS 

{From the Division of Biochemistry , Noyes Laboratory of Chemistry , 
University of Illinois , Urbana) 

(Received fair publication, March 6,1948) 

Streptamine, a degradation product of streptomycin, has been established 
to be one of the eight possible meso forms of 1,3-diamino-2,4,5,6-tetrahy- 
droxycyclohexane (1-3). Consideration of possible synthetic approaches 
to such a molecule suggested that oxidation products of inositol might serve 
as useful intermediates. Two monoketo derivatives of inositol (inososes) 
have been prepared and their stereochemical configuration elucidated by 
Postemak (4-6). epi-Inosose (I) is obtained by the oxidation of inositol 
with nitric acid (7) and sqjllo -inosose (II) by the action of Acetobacter sub- 


O 

(I) (II) 

ept-Inosose scyllo-lnosose 

oxydam on inositol 1 (5, 8). In addition to these two substances a crude 
“diketo inositol” has been described in a series of papers by Dunning, Ful- 

* The authors wish to express their appreciation to the Abbott Laboratories, Eli 
Lilly and Company, Parke, Davis and Company, and The Upjohn Company for a 
generous grant in support of this work. The material presented in this paper was 
taken in part from theses submitted by Carol Belinskey and R. K. Clark, Jr., to the 
Graduate College of the University of Illinois in partial fulfilment of the requirements, 
respectively, for the degrees of Master of Science in Chemistry and Doctor of Philos¬ 
ophy in Chemistry. 

Part of the material in this paper was presented at the meeting of the Federation 
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1 Two methods of nomenclature for the inososes were considered by Posternak 
(6). In one the inosose is named on the basis of the two inositols it yields on reduc¬ 
tion. Thus Compound I, which yields scyllitol and meso- inositol, is called scyllo - 
meso-inosose or scyllo-ms-mosose. Compound II is named dl-epi-meso-inoBose or 
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mer, Pitcher, Underkofler, and Guymon (9-13). These workers obtained 
this substance (rather than scytto- inosose) by the action of A. suboxydans 
(American Type Culture Collection No. 621) on inositol. If the ketone 
groups in this diketo inositol are in the 1,3 position, it might afford 
promise as an intermediate in the synthesis of streptamine. We therefore 
undertook a study of the fermentation of inositol by A. suboxydans in the 
hope of obtaining the diketone. 

The fermentation of inositol was carried out on a 3 per cent inositol-0.1 
per cent sorbitol medium at 30° for a 14 day period with Acetobacler suboxy¬ 
dans 621 obtained from the American Type Culture Collection. Every 
effort was made to duplicate the conditions of Dunning (10) exactly in so 
far as this is possible in such experiments. The fermentation mixture was 
clarified with lead acetate, and excess lead was removed over an exchange 
resin column rather than with hydrogen sulfide. By this minor alteration 
the development of a brown color was avoided. The final product was ob¬ 
tained as a white crystalline solid which could be fractionated from water or 
aqueous methanol. The decomposition points of successive fractions usu¬ 
ally declined from about 198° to about 174°. (Pure scyllo -inosose melts 
with decomposition at 200-202° (5); diketo inositol melts in the range 
184-195° (13).) Since a pure compound was not obtained by extensive re¬ 
crystallization of these fractions, attention was turned to the possibility of 
effecting separation through various derivatives. The crude fractions were 
treated with phenylhydrazine under the conditions described by Postemak 
(5). A heavy red precipitate slowly formed at room temperature and in¬ 
creased in amount over a 2 day period. Extraction of the crude product 
with ether removed a red pigment. From the residue a yellow crystalline 
compound was separated by chromatography over an alumina column. 
This compound was characterized as an osazone 2 by analyses and absorption 

dl-epi-ms- inosose, since it yields dZ-epi-inositol and meso-inositol on reduction. In 
this case the term dZ-ept-inosose is preferable to avoid the inconsistency of applying 
the term meso to a racemic form. Likewise Compound I is usually designated simply 
as scyllo- inosose. In the second system each configuration is represented by a 
fraction in which the position numbers of the hydroxyl groups lying “above” the 
plane of the ring form the numerator and the numbers of those lying below the plane 

246 

form the denominator. Thus sc^ZZo-inosose is named inosose--—or for convenience 

35 

inosose-(246/35). This system is applicable to all inositol derivatives whose con¬ 
figuration is known. The first method, employing trivial names, is less general and 
runs into obvious inconsistencies. However, since the terms epi - and scyllo -inosose 
have been established by usage, they will be employed in this paper. 

* Postemak (7) prepared an osazone (m.p. 192-194°) from the hypobromite oxida¬ 
tion product of inositol. This may be identical with our osazone. Chargaff and 
Magasanik (14) recently reported an osazone (m.p. 213-214°) from the oxidation 
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spectrum. It was discovered subsequently that the crude phenylhydrazine 
reaction product contained both a phenylhydrazone and an osazone. The 
phenylhydrazone could be separated from the mixture by extraction with 
methanol. The residue yielded pure osazone on recrystallization from 
pyridine-water. 

The interpretation of these results is complicated by the observation that 
pure scyllo -inosose and inosose phenylhydrazone also yield the osazone on 
extended treatment with phenylhydrazine. Furthermore it was discovered 
that when the phenylhydrazine reaction mixture was cooled, stirred vigor¬ 
ously, and the walls of the flask scratched to induce rapid crystallization, 
the product consisted mainly of phenylhydrazone. In this way good yields 
of the phenylhydrazone of scyllo -inosose were obtained from each of the 
fractions. 

These data indicate that a considerable proportion of the osazone previ¬ 
ously obtained resulted from the oxidizing action of phenylhydrazine and 
that the major portion of the fermentation product consisted of scyllo - 
inosose. 

Three other strains of Acetobader suboxydam , 8 strains NRRL-B-72, 
B-474, and B-487, were also studied under the conditions of Dunning (10). 
The first two gave results essentially identical with those obtained with the 
American Type Culture Collection No. 621. The third strain, B-487, me¬ 
tabolized inositol very slowly, and even after 10 to 12 days more than 50 
per cent remained unattacked. 

Since the possibility of oxidation by phenylhydrazine introduced a com¬ 
plicating factor, it was decided to prepare acetyl derivatives of the various 
fractions. For this purpose a large fermentation with strain B-474 was 
processed and the crude product separated into five fractions from water 
and aqueous methanol. Phenylhydrazones and acetyl derivatives were 
prepared. In addition each fraction was converted to the oxime. This 
derivative is obtained in good yield on treating pure scj/Mo-inosose with 
hydroxylamine at pH 13 to 14. The sodium salt of the oxime separates as 
a nicely crystalline product with a sharp decomposition point. The free 
oxime is more soluble and less stable than the sodium salt and is not a useful 
derivative. 

The results of this study are summarized in Table I. All the fractions 
gave the phenylhydrazone of scyllo -inosose in good yield. Fraction I, how- 

product of Z-inositol by Acetobacter svboxydam. The substance may be the l anti¬ 
pode of our dZ-osazone. 

* The authors wish to express their appreciation to Dr. William C. Haynes of the 
Northern Regional Research Laboratory, Peoria, Illinois, who generously supplied 
the cultures of strains NRRL-B-72, B-474, and B-487. 
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ever, gave a gummy acetyl derivative which resisted all attempts at crystal¬ 
lization. Nevertheless, this fraction gave a good yield of phenylhydrazone, 
and reconversion of the latter to inosose gave a product which was readily 
converted to crystalline pentaacetyl-scyKo-inosose. The over-all yield in 
these steps was 70 per cent. All other fractions gave good yields of the 
pentaacetyl derivative directly. 

Variation of fermentation time was studied next. As a basis for this 
work the rate of disappearance of inositol in control flasks was determined 
by a yeast assay method. Somewhat to our surprise the oxidation of the 
inositol was complete in 3 to 4 days. (Previous workers employed 12 to 20 
day fermentation periods but did not determine the rate of disappearance 
of inositol.) Fermentation products were processed after various intervals 

Table I 

Derivatives from Fractions of Strain NRRL-B-4T4 Inositol Fermentation 

Product 

Yields are based on 1.0 gm. samples of each fraction. 


Fraction No. and total weight 

Pentaacetate 

Phenylhydrazone 

Oxime eodium salt 

Weight of 
product 

Yield 

Weight of 
product 

Yield 

i 

Weight of 
product 

Yield 


gm. 

per cent 

gm. 

per cent 

gm. 

percent 

I (17.23 gm.) 

| See text 

1.08 

72 

0.90 

74 

II (57.71 gm.) 

1.56 

72 

1.02 

68 

0.84 

70 

Ill (0.7 gm.) 

1.60 

76 

0.98 

65 

0.94 

78 

IV (4.00 gm.) 



0.93 

62 



V (3.75 gm.) 



| 0.86 

57 



Inosose (pure) 


81 


75 i 

! 

i_1 



ranging from 4 to 14 days. A' very high yield of crude inosose was obtained 
from the 4 day fermentation mixture. This material, without purification, 
gave excellent yields of pentaacetyl derivative and of phenylhydrazone. 
The products from longer fermentations generally gave slightly lower yields 
of the inosose derivatives. In the phenylhydrazine reaction more of the red 
pigment was produced. (Pure inosose gives only a slight amount of colored 
material.) Certain fractions failed to yield a crystalline pentaacetyl deriva¬ 
tive until they had been purified through the phenylhydrazone. It seems 
likely that scylio -inosose is first formed and then undergoes very slow further 
reaction on standing. In this connection it might be noted that inosose is 
slowly oxidized by air, especially at an alkaline pH (15). The nature of 
the contaminant in the older fermentation products has not been deter¬ 
mined. Kluyver el d. (15) have suggested that the oxidation of inositol 
by Acetobadcr suboxydans may proceed through hexahydroxybenzene (enol 
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form of triketo inositol). We have no direct evidence for its presence in our 
fermentation mixtures, except for the suggestive observation that hexahy- 
droxybenzene gives a red pigment with phenylhydrazine. 

In order to obtain additional quantitative data on the fermentation, the 
oxygen uptake was determined manometrically on a series of flasks. At 
the end of 3 days oxygen consumption ceased (at this point only a trace of 
inositol remained) and the total uptake ranged from 0.52 to 0.57 mole of 
oxygen per mole of inositol. « 

These data clearly show that under the conditions of our experiments the 
major portion of the inositol fermentation product is acyllo-mo&ose. All 
strains of Acetobader suboxydans tested gave similar products and no evi¬ 
dence was obtained for the presence of an appreciable amount of diketo 
inositol in the fermentation mixtures. 

EXPERIMENTAL 

Fermentation of Inositol —Stock cultures of A cetobacter suboxydans 621 and 
strains NRRL-B-474, B-72, and B-487 were maintained on agar slants (1.5 
per cent agar, 0.5 per cent Difco yeast extract, 0.5 per cent sorbitol). The 
first two strains were used for most of our experiments. A sterile sorbitol 
medium (10 per cent sorbitol, 0.5 per cent Difco yeast extract) was inocu¬ 
lated with stock culture and incubated for 3 days. A 10 ml. subculture was 
used to inoculate 200 ml. of unbuffered inositol medium (3 per cent anhy¬ 
drous meso-inositol, 0.1 per cent sorbitol, 0.5 per cent Difco yeast extract). 
The culture was incubated in a 2 liter Erlenmeyer flask at 30° for periods 
varying from 4 to 14 days. Later it was discovered that the oxidation pro¬ 
ceeded smoothly at room temperature (26-28°) and several large scale runs 
were made in 2 quart milk bottles (each containing 200 ml. of medium) 
stacked horizontally on the desk top. The progress of the fermentation 
was followed by microbiological assays for inositol. Strain NRRL-B-487 
oxidized inositol slowly and incompletely. Even after 10 days the medium 
assayed 19.6 mg. of inositol per ml. (original concentration, 30 mg. per ml.). 
The remaining three cultures oxidized inositol rapidly and exhibited no im¬ 
portant differences in their behavior. After 3 days each of these three fer¬ 
mentation mixtures assayed 0.5 to 1.0 mg. of inositol per ml. 

Microbiological Assay for Inositol —The pyridoxine assay method of 
Atkin ef al. (16) was modified for use in assaying inositol. (Pyridoxine was 
supplied in the medium.) The test organism, Saccharomyces carlsbergensis 
(No. 26,803), 4 gave a reproducible growth curve at levels of 0 to 15 y of in¬ 
ositol per 10 ml. after incubation with shaking for 16 to 18 hours. Growth 

* The culture of Saccharomyces carlsbergensis was kindly supplied by Dr. O. C. 
Bird of Parke, Davis and Company. 
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was determined by measuring turbidity with an Evelyn colorimeter and the 
samples were calculated by reference to the standard curve. 

Isolation and Fractionation of Fermentation Product , Acetobacter mboxy- 
dane 621 —The contents of ten 14 day fermentation flasks (American Type 
Culture Collection No. 621) were combined (2200 ml.) and treated with 16.5 
ml. (0.75 per cent by volume) of saturated lead acetate solution. The mix¬ 
ture was filtered with the aid of Filter-Cel and the filtrate was passed 
through a 4.5 X 16 cm. Amberlite IR-100 column in the acid phase to re¬ 
move excess lead ions. The column was washed with 300 ml. of water. 
The lead-free solution was concentrated to a small volume under reduced 
pressure and the precipitate was removed by filtration, giving 46 gm. of 
material decomposing at 192-194 0 . 6 An equal volume of alcohol was added 
to the filtrate, giving 7.5 gm. of material decomposing at 178-184°. The 
filtrate on concentration gave a dark gum which was discarded. 25 gm. of 
the first fraction were recrystallized from hot water and additional crops 
were precipitated from the filtrate by concentration and addition of metha¬ 
nol. The following fractions were obtained: Fraction A 2.75 gm. (decom¬ 
position 195-198°), Fraction B 14.7 gm. (decomposition 184-187°), Fraction 
C 3.5 gm. (decomposition 179-183°), Fraction D 1.6 gm. (decomposition 177- 
179°). Extensive fractionation was carried out on these products and on 
similar ones from other fermentations, with water, aqueous methanol, and 
aqueous ethanol as the solvents. None of these fractions appeared to be 
pure, although the results of later experiments indicated that all of them 
consisted to a very large extent of scyllo- inosose. 

Reaction of Crude Fermentation Product with Phenylhydrazine —13.5 gm. 
of Fraction B were dissolved in 360 ml. of water at 60° and the solution was 
filtered and cooled to room temperature. 18 ml. of redistilled phenylhydra¬ 
zine and 36 ml. of glacial acetic acid were added and the solution was 
allowed to stand at room temperature for 2 days. The dark precipitate 
was filtered and air-dried, giving 8.0 gm. of a dark brownish red product. 
The filtrate deposited more precipitate on standing and after 2 days a second 
crop of 3.4 gm. was removed. 10 ml. of phenylhydrazine and 20 ml. of gla¬ 
cial acetic acid were added to the filtrate and after 1 day 2.5 gm. of precipi¬ 
tate were obtained. The dried solids were extracted with ether which re¬ 
moved a dark red pigment. The ether-extracted residues from the three 
fractions were light tan solids weighing 5.8, 1.7, and 1.5 gm., respectively 
(total 9.0 gm.). 

In the purification of these and similar products chromatography was 
employed. Alumina was poured into the column as a slurry in methanol 
and washed thoroughly with methanol. The crude product was dissolved 

* The melting and decomposition points reported in this paper were determined 
on the Kftfler micro block unless otherwise specified. 
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in the minimum amount of pyridine and applied to the column, which was 
then developed with absolute methanol and pyridine-methanol. The latter 
solvent markedly increased the rate of development. A red band came 
through the column first, followed by a yellow band. A dark red pigment 
remained adsorbed at the top of the alumina column. The yellow band 
consisted of dl-scyllo -inosose osazone. 

The first two products above (5.8 gm. + 1.7 gm.) were dissolved in pyri¬ 
dine, applied to a 4.5 X 18 cm. alumina column, and developed with metha¬ 
nol and pyridine-methanol. The first 240 ml. of the percolate contained 
529 mg. of a red gummy solid which was almost entirely soluble in ether. 
The next five fractions (1900 ml.) were combined and concentrated, giving 
6.16 gm. of a yellow solid. This material was very soluble in pyridine; the 
addition of water or methanol caused crystallization of yellow needles de¬ 
composing at 198-200°. This material gave the correct analytical data for 
scyllo -inosose osazone and an ultraviolet absorption spectrum very similar 
'to that of glucosazone. 

C„H 10 N 4 O, (356.38). Calculated. C 60.66, H 5.66, N 15.71 
Found. “ 60.93, “ 5.67, “ 15.67 

Ultraviolet absorption maxima: scyllo -Inosose osazone, *awo = 19,800, 
€3190 = 10 , 000 , €3990 = 16,200, glucosazone, €*550 = 18,100, €3100 = 10 , 000 , 
*3830 — 20 , 000 . 

Preparation of scyllo-Inosose Phenylhydrazone from Crude Fermentation 
Product —13 gm. of fermentation product similar to that used in the preced¬ 
ing section were dissolved in 360 ml. of hot water. The solution was cooled 
to room temperature and 18 ml. of phenylhydrazine and 36 ml. of glacial 
acetic acid were added. The flask was immediately chilled in an ice bath 
and the walls were scratched with a glass rod until precipitation of the 
phenylhydrazone occurred. After 30 minutes the red precipitate was fil¬ 
tered, dried, and washed with ether, giving 16 gm. of a pink ciystalline 
phenylhydrazone melting with decomposition at 167-169°. Recrystalliza¬ 
tion of this material from methanol gave 12.0 gm. (61 per cent yield) of 
colorless phenylhydrazone melting with decomposition at 176-177°. 
Postemak reported that scyllo -inosose phenylhydrazone decomposes at 184° 
when heated rapidly in a capillary tube. 

The filtrate from the phenylhydrazone deposited additional precipitate 
on standing. This yielded a small quantity of osazone cm extraction with 
ether and recrystallization of the residue from pyridine-water or pyridine- 
methanol. 

Preparation of scyllo-Inosose from Phenylhydrazone —The conversion of 
phenylhydrazone to inosose was effected by a slight modification of the pro- 
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ccdure of Postemak (5), 8 gm. of the phenylhydrazone were mixed with 
80 ml. of ethanol, 8 ml. of benzaldehyde, and 4 ml. of glacial acetic acid; 
then 400 ml. of boiling water were added. The mixture was refluxed for 15 
minutes and was then cooled and extracted with ether to remove the benz¬ 
aldehyde phenylhydrazone. The aqueous layer was concentrated to 50 
ml., and 50 ml. of methanol were added. After standing overnight in the 
ice box the crystalline precipitate was removed, washed with methanol, and 
air-dried, giving 4.7 gm. (88 per cent yield) of scyllo- inosose. The decom¬ 
position point of scyllo- inosose varies with the rate of heating. On a Kdfler 
block with rapid heating, melting with decomposition occurs at 199-202°, 
with slow heating at 194-196°. In either case browning occurs before the 
melting point is reached. Posternak reported that scyllo- inosose melted at 
205-208° when heated rapidly in a capillary tube (5). 

Preparation of Derivatives from Pure scyllo-Inosose. 1 . Phenylhydrazone — 
The reaction of inosose or of the crude fermentation product with phenyl- 
hydrazine was carried out by a modification of the conditions of Postemak 
(5). 

1 gm. of pure scyllo- inosose was dissolved in 30 ml. of warm water. The 
solution was cooled to room temperature and 3.0 ml. of glacial acetic acid 
and 1.5 ml. of phenylhydrazine were added. The flask was cooled immedi¬ 
ately in an ice bath and vigorously scratched to hasten crystallization. 
After 30 minutes the pink precipitate was filtered, washed with cold water, 
and air-dried, giving 1.36 gm. of colored phenylhydrazone melting with 
decomposition at 175-177°. The material was washed with ether and re¬ 
crystallized from 40 ml. of hot methanol, giving 1.12 gm. of colorless needles 
(75 per cent yield) melting with decomposition at 176-177°. 

A second 1 gm. quantity of pure scyllo- inosose was treated as above, 
except that the flask was allowed to stand undisturbed for 2 days at room 
temperature. The precipitate was filtered and dried, giving 1.25 gm. of 
material. However, on recrystallization only a part of this material dis¬ 
solved in methanol and from the solution only 0.67 gm. (45 per cent yield) 
of phenylhydrazone was obtained. The residue (0.5 gm.) was a yellow 
solid which yielded 0.3 gm. of osazone on recrystallization from pyridine- 
water. 

The osazone is also obtained by treating the preformed phenylhydrazone 
with phenylhydrazine, although the reaction is slower (probably due to the 
low solubility of the phenylhydrazone). A suspension of 0.75 gm. of the 
phenylhydrazone in 15 ml. of water was treated with 0.75 ml. of phenylhy¬ 
drazine and 1.5 ml. of glacial acetic acid. After 3 days at 25° the deep red 
precipitate was filtered, air-dried, and extracted with ether, giving 0.35 gm. 
of tan solid. This was extracted successively with 13 ml. and 5 ml. portions 
of boiling methanol, leaving 0.17 gm. of residue which was recrystallized 
from 3 ml. of warm pyridine by adding 25 ml. of water. The precipitate 
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was filtered, giving 0.15 gm. of dUscyllo- inosose osazone as yellow lustrous 
needles decomposing at 192-194°. A second recrystallization raised the 
decomposition point to 194-196°. 

2. PerUaacelyl-8cyllo-ino8oae —The acetylation was accomplished by the 
acetic anhydride-sulfuric acid procedure of Postemak (5). 3 gm. of inosose 
were added to 36 ml. of 1:19 sulfuric acid-acetic anhydride mixture. The 
reaction mixture was warmed to 50° and allowed to stand at room tempera¬ 
ture for 2 hours, during which time crystals separated. The mixture was 
cooled in an ice bath and filtered. The precipitate was washed with glacial 
acetic acid and ether, giving 5.30 gm. (81 per cent yield) of pentaacetyl 
scyllo- inosose melting at 209-212°. Recrystallization of this material from 
glacial acetic acid containing a trace of sulfuric acid gave the pure derivative 
melting at 211-212°. We confirmed the observation of Postemak (5) that 
repeated recrystallization of the 212° melting product from glacial acetic 
acid alone gave a pentaacetyl derivative melting at 145-147°. This was 
readily reconverted to the 212° form. 

Treatment of scyllo-mosose or the pentaacetyl derivative with acetic an¬ 
hydride and sodium acetate caused aromatization to 1,2,3,5-tetraacetoxy- 
benzene, as described by Postemak (5). 

S. Sodium scyUo-Inosose Oximate —A solution of 15.6 gm. of hydroxylamine 
hydrochloride and 15.5 gm. of sodium hydroxide in 135 ml. of water was 
cooled to about 10°, and 26.7 gm. of scyllo-mosose were added with stirring. 
The oxime sodium salt crystallized in a few minutes. After 1 hour, tho 
precipitate was filtered (m.p. 136-137°) and recrystallized by being dis¬ 
solved in 100 ml. of boiling water and 75 ml. of absolute ethanol added. On 
cooling there were obtained 29 gm. (90 per cent yield) of colorless prisms 
melting at 138-139° (capillary) with decomposition. 

CiHioNOeNa (215.16). Calculated, N 6.51; found, N 6.60 

The free oxime was obtained by triturating the sodium salt with 125 ml. of 
glacial acetic acid. The viscous oil initially formed solidified to a colorless 
microcrystalline powder. This material was washed twice with absolute 
ethanol, giving the free oxime decomposing at about 140° (capillary). 
The oxime is very soluble in water and darkens on standing. 

Attempts to prepare the free oxime directly from inosose at a lower pH 
were not successful. The hexaacetyl derivative was prepared by treating 
the free oxime with 6 volumes of acetic anhydride containing a trace of 
sulfuric acid for 1 hour at 100°. The clear solution was cooled and poured 
into 30 ml. of water. The oil which separated soon crystallized, giving 
0.9 gm. of colorless needles. This material was recrystallized freon abso¬ 
lute ethanol, giving pure hexaacetyl-scpZZo-inoeose oxime (m.p. 111-112°) 
(capillary). 
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ChHmNOu (445.37). Calculated. C 48.64, H 5.20, N 3.15 
Found.. “ 48.65, “ 5.08, “ 3.22 

Fractionation and Characterization of Fermentation Product, Strain 
NRRL-B-474 —Sixteen flasks (96 gm. of inositol) were inoculated with 
strain NRRL-B-474 and incubated at 30° for 14 days. The fermentation 
mixtures were combined and deproteinized with 28 ml. of saturated lead 
acetate solution. The suspension was filtered with the aid of Filter-Cel 
and excess lead was removed by passing the filtrate through an Amberlite 
IR-100 column in the acid phase. The column was washed with 300 ml. 
of water and the combined solutions were concentrated in vacuo to 190 
ml., causing crystals to separate. The mixture was warmed to 50-60° and 
filtered. The precipitate was washed with 80 ml. of hot water and air- 
dried, giving 17.2 gm. of material decomposing at 205° (Fraction I). The 
combined filtrate and washings were diluted with water to 320 ml., and 800 
ml. of methanol were added. After 20 hours at 5° the crystalline precipi¬ 
tate was collected, washed with methanol, and dried, giving 57.5 gm. of 
material decomposing at 192° (Fraction II). 800 ml. of methanol were 
added to the filtrate and the mixture was stored in the ice box overnight. 
The precipitate (Fraction III) weighed 6.7 gm. (decomposition 185°). 
The filtrate was concentrated to 35 ml. and cooled, giving 4.0 gm. (de¬ 
composition 185°) of material (Fraction IV). Addition of 950 ml. of 
methanol to this filtrate gave 3.8 gm. (decomposition 184°) (Fraction V). 
The total weight of recovered material was 89.2 gm., which represents a 93 
per cent yield calculated as inosose. 

In order to characterize the fractions the phenylhydrazone, oxime, and 
pentaacetyl -derivatives were prepared from each under the conditions 
previously described. The results of this study are summarized in Table I. 

Fraction I did not yield a crystalline pentaacetyl derivative directly. 
To determine the maximum amount of impurity present, 2.0 gm. of Frac¬ 
tion I were converted to the phenylhydrazone (yield 2.65 gm., decomposi¬ 
tion 175-176°). From the phenylhydrazone 1.54 gm. of scyllo- inosose 
were obtained and this material gave 3.06 gm. of pentaacetyl-scyZZo-inosose 
(m.p. 210-212°). The over-all yield of pure pentaacetyl derivative from 
Fraction I was 70 per cent. Since pure scyllo- inosose in a similar series of 
reactions did not give an appreciably higher yield, it is obvious that the 
main component of Fraction I is scj/Zlo-inosose. 

Manometric Study of Inositol Fermentation by Acetobacter suboxydans — 
2 liter Erlenmeyer flasks containing 200 ml. of inositol oxidation medium 
were sterilized and inoculated with Acetobacter suboxydans 621. The flasks 
were connected to manometers and a source of oxygen. A control flask, 
containing all of the materials present in the experimental flasks except 
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inositol, was also set up. The oxygen uptake in the flasks was determined 
at intervals and after every reading oxygen was admitted, so that the 
pressure never deviated greatly from atmospheric. The consumption of 
oxygen ceased after 72 hours (at this point only a trace of inositol remained 
in the experimental media) and the difference between the oxygen con* 
sumption of the experimental flasks and of the control flask amounted to 
0.52 to 0.57 mole of oxygen per mole of inositol. 

Preparation of scyllo-Inosose —An excellent yield of practically pure 
scyllo- inosose can be obtained directly from 4 to 5 day inositol fermenta¬ 
tions. The culture medium from six flasks (strain NRRL-B-474) was 
harvested and treated with 10 ml. of saturated lead acetate solution. The 
precipitate was filtered and excess lead was removed over an Amberiite 
IR-100 column (4 X 16 cm.). The column was washed with 200 ml. of 
water and the solution was concentrated to 175 ml., causing solid to sepa¬ 
rate. The addition of 175 ml. of methanol completed the crystallization. 
After 2 hours at 0°, the precipitate was filtered, washed with methanol, 
and air-dried, giving 31.4 gm. (87 per cent yield) of crude scyllo- inosose 
(decomposition 199-201°). This material may contain traces of impurity 
which can be removed by purification through the phenylhydrazone. 

SUMMARY 

The fermentation of inositol by Acetobader suboxydans was investigated. 
scyllo A n osose was obtained as the major product of the oxidation. No 
other substance was isolated in significant quantity, although various 
strains of Acetobader suboxydans were employed and the fermentation time 
was varied, scyllo-lnosose was found to yield an osazone on prolonged 
treatment with phenylhydrazine. The sodium salt of the oxime of scyllo- 
inosose was prepared, and proved to be a convenient derivative for charac¬ 
terization purposes. 
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RADIOACTIVITY DISTRIBUTION IN THE TISSUES OF MICE 
BEARING MELANOSARCOMA AFTER ADMINISTRATION OF 
dl-TYROSINE LABELED WITH RADIOACTIVE CARBON* 
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(From the Radiation Laboratory, the Department of Chemistry, and the Division of 
Medical Physics , University of California , Berkeley) 
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It has long been recognized that radioactive isotopes furnish a means of 
irradiating deep seated neoplasms and metastases provided they can be ad¬ 
ministered in a form which will localize with a sufficient degree of selectivity 
in the neoplastic tissue. Tho availability of radiocarbon greatly expands 
the possibilities of this method for controlling cancer. The melanosarcoma 
suggests itself for localization experiments, since heavy formation of melanin 
usually characterizes this tumor (1) and gives a clue to the nature of com¬ 
pounds which might deposit in it with the necessary selectivity. Studies 
are in progress in this laboratory in which various precursors of melanin 
labeled with C u are synthesized and their metabolism followed in normal 
mice and in mice bearing melanosarcoma. One such precursor, tyrosine (2), 
is the subject of this paper. As an exploratory experiment, DL-radip- 
tyrosine has been administered to mice bearing melanosarcoma and the 
whole tissues have been assayed for radioactivity. The primary purpose is 
to assess the degree of promise which this approach offers to melanoma 
therapy, but the results will also have general biochemical interest. In 
particular, they contain information relative to the question of turnover of 
radioactive carbon in the body, a subject with which this laboratory is con¬ 
cerned in connection with a program of studying the health aspects of using 
radiocarbon, both in the laboratory and therapeutically. 

Synthesis of Dh-Tyrosine Labeled with C 14 in p Position 

The method used to synthesize radiotyrosine has been described in outline 
elsewhere (3). The details are given below. 

f-Anisic Acid —A solution of p-methoxyphenylmagnesium bromide was 
prepared under nitrogen from 9.3 gm. (0.050 mole) of p-bromoanisole and 
1.32 gm. (0.055 mole) of magnesium. The reaction was started under 
ether, then the bulk of the bromide was added over a period of 2 hours as a 
solution in 40 ml. of 50 per cent ether-benzene mixture. The reaction 

* This work was carried out under contracts No. W-7405-Eng«48 and Division II 
NDP48A (99930) between the Atomic Energy Commission and the University of 
California. 
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mixture was refluxed during the addition, then for 6 hours longer to com¬ 
plete the reaction, which was sluggish. At the end of this time, 60 ml. of 
ether and 50 ml. of benzene were added. This was necessary to dissolve the 
rather insoluble Grignard reagent. The concentration of the final solution, 
determined by titration, was 0.276 m. 

p-Anisic acid was prepared by carbonating 26 ml. (7.2 millimoles) of the 
Grignard reagent with carbon dioxide generated from 1.02 gm. (5.18 
millimoles) of radioactive barium carbonate by a technique described 
elsewhere (4). The purified acid weighed 0.64 gm., which is 81 per cent of 
the theoretical yield based on barium carbonate. 

p-Anisaldehyde —In a three-neck 30 ml. pear-shaped flask were placed 
0.64 gm. (4.2 millimoles) of p-anisic acid and5ml.of purified 1 thionyl chloride. 
The two side necks were plugged, a reflux condenser was inserted in the 
middle neck, and the mixture was refluxed 5 hours. The thionyl chloride 
was then removed in vacuo and the residue was dissolved in 7 ml. of dry 
c.p. xylene. To the solution were added 0.003 ml. of quinoline-sulfur 
poison (5) and 0.05 gm. of 5 per cent palladium-barium sulfate catalyst; 2 
Rosenmund reduction of the acid chloride was then carried out by passing 
hydrogen through the mixture at reflux temperature. The hydrogen was 
purified by passage through Fieser’s solution (6) and drierite and was ad¬ 
mitted to the reaction flask through a bent capillary which was inserted 
through one of the side necks and extended below the surface of the solution. 
Rising from the other side neck was a 20 cm. length of 11 mm. glass tubing, 
which served as an air condenser to hold back xylene. The upper 5 cm. 
was packed with drierite to exclude moisture. From the exit of this tube, 
the effluent gas was led through sodium hydroxide, in order that the hy¬ 
drogen chloride evolution could be followed. The solution was violently 
agitated by a sealed induction stirrer 8 attached at the center neck. Un¬ 
lubricated ground glass connections were used throughout. 

The reduction required 4 hours. The yield of aldehyde in a pilot run was 
determined to be 73 per cent, based on anisic acid, by preparing and weigh¬ 
ing the 2,4-dinitrophenylhydrazone. In the radioactive run the aldehyde 
was not isolated and its yield was not determined; the evolution of hydro¬ 
gen chloride was equivalent to 88 per cent of the anisic acid. 

1 By distillation from quinoline, then boiled linseed oil. 

* Obtained from the American Platinum Works, Newark, New Jersey. 

1 This stirrer was constructed with Teflon bearings and the rotor was protected 
with plastic paint No. 4A (Interchemical Corporation, 1073 Howard Street, San 
Francisco) in order to eliminate the possibility of catalyst poisons being washed 
into the reaction mixture by condensed xylene. Actually little or no xylene found its 
way past the bearing into the upper part of the stirrer. 
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Anisalhydantoin —The aldehyde solution obtained in the reduction was 
centrifuged-to remove the catalyst, transferred to a heavy wall, 14 X 100 
mm. Pyrex ignition tube, and the solvent was removed under a vacuum'. 
To the residue were added 0.55 gm. of hydantoin, 0.7 ml. of dry diethyla- 
mine, and 1.2 ml. of dry pyridine. The tube was sealed and heated 72 
hours in steam. It was opened and the solvent was pumped off at room 
temperature, then pumping was continued for 1.5 hours at 100°. The 
residue was stirred with three 2 ml. portions of hot water, each portion 
being removed with a filter* stick before the addition of the next. The 
yellow residue of anisalhydantoin weighed Q.60 gm. after drying at 90°. 
This is a yield of 93 per cent based on anisaldehyde, assuming the yield in 
the reduction was 73 per cent and is in agreement with values around 90 
per cent found in pilot experiments. 

Tyrosine —To the anisalhydantoin were added 0.19 gm. of red phosphorus 
and 2.4 ml. of redistilled hydriodic acid, d 1.7. A cold finger made from a 
conical 5 ml. centrifuge tube was hung in the mouth of the test-tube and 
' the mixture was refluxed 5 hours. Then 0.63 gm. of iodine was added and 
the mixture was refluxed 5.5 hours longer. The solution was filtered into a 
30 ml. flask with a 14/20 ground neck and the solvent was pumped away. 
To the residue were added 5 ml. of water and the solvent was again removed. 
The residue was then taken up in 5 ml. of water. A yellow turbidity was 
present; it increased as water was added. Water was added until no further 
increase in turbidity was observed (25 ml.) and the turbidity was removed 
by centrifugation. The solution was then adjusted to pH 5.7 with 
ammonia, and a slight precipitate which appeared was filtered off. This 
appeared to be an impurity, as it turned brown on drying and was dis¬ 
carded. The solvent was pumped away and the residue was heated 15 
minutes at 100° in a vacuum. The residue was stirred well with 5 ml. of 
water and the mixture was filtered. The tyrosine on the filter was washed 
with water and alcohol and dried at 90°. The yield was 177 mg., which is a 
yield of 36 per cent based on anisalhydantoin. The over-all yield, based on 
Oafium carbonate, was 19 per cent. 

As a check on purity, analyses were carried out on a sample of tyrosine 
prepared in a pilot run by the same procedure, except that inactive barium 
carbonate was used for preparing the anisic acid. The analyses showed 

C»Hi,NOj. Calculated. C 59.66, H 6.12, N 7.74 
181.03 Found. “ 58.15, “ 6.01, “ 7.76 
“ 58.24, “ 6.15, “ 7.66 

The specific activity of the tyrosine was 152,300 counts per minute per mg. 
This is 0.9 microcurie per mg. 
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Conditions of Experiment 

Three adult male strain dba mice were inoculated bilaterally with 
melanosarcoma S91. 4 When the tumors were 5 weeks old, each mouse was 
given a single injection of tyrosine via the tail vein. The tyrosine was 
administered as a solution in physiological saline, prepared by dissolving 
2.9 mg. of tyrosine in 0.15 ml. of 0.3 N hydrochloric acid, then adding 0.15 
ml. of 0.3 N sodium hydroxide and injecting the solution promptly. Mice 
B and C received 0.09 ml. of this solution; Mouse A received only0.07 ml. 
because the needle missed the vein on the first try. 

The three mice were placed in a glass cage with provision made for collect¬ 
ing their excreta and for absorbing all the carbon dioxide exhaled. The 
mice were fed a stock diet ad libitum. At the end of 12 hours, Mouse A was 
removed from the cage and killed with nembutal; Mice B and C were killed 
after 24 and 72 hours, respectively. 

Each mouse was dissected immediately after death into the specimens 
listed in Table I. The dissections were made as quantitative as possible 
and no tissue was discarded. This makes it possible to calculate a balance 
between the total amount of radioactivity administered and the amount 
found by assay. 


Handling of Specimens 

The fresh tissue specimens were promptly dried in a vacuum at 00°. To 
see whether this drying procedure would drive volatile radioactive com¬ 
pounds from the tissues, the water which came off was collected and ex¬ 
amined for radioactivity by slowly vaporizing it in a stream of oxygen and 
passing the gas through a combustion train. The amount of activity found 
in the water was less than 0.01 per cent of the administered dose and there¬ 
fore this is excluded as an important source of error. 

To measure the radioactivity of the specimens, they were first burned to 
carbon dioxide in an analytical type combustion train and the gas was 
absorbed in sodium hydroxide (4). 

Organs smaller than 50 mg. were burned in toto to eliminate the effect of 
possible inhomogeneity in the distribution of the radioactivity in the tissue. 
Larger samples were ground up and an amount of tissue (100 to 150 mg.), 
large enough to constitute a considerable fraction of the total, was burned. 

From the sodium carbonate solution obtained, barium carbonate was 
precipitated. When the specific activity of the barium carbonate was 
greater than 0.5 count per minute per mg., it was counted on an aluminum 
disk under a bell jar counter with a thin mica window (4). The counter 

4 This tumor was originally obtained from Dr. C. C. Little, Roscoe B. Jackson 
Memorial Laboratory, Bar Harbor, Maine. 
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used has an over-all efficiency of 7.7 per cent, so that 1 count per minute 
corresponds to 13 disintegrations per minute. All samples measured in 
this way were counted for a length of time sufficient to make the statistical 
error 10 per cent or less. Because of the fluctuations to be expected 
between individual animals and because of the exploratory nature of this 
experiment, it was not considered worth while to take the rather consider¬ 
able extra time necessary to obtain count values of higher precision on the 
weaker samples. 

Barium carbonate samples' weaker than 0.5 count per minute per mg. 
were assayed in an ionization chamber connected to a Lindemann type 
electrometer.* •* , 

The thyroid and adrenal glands and the gallbladders were too small to 
furnish enough barium carbonate to work with conveniently, and in these 
cases benzoic acid was added to the combustion boat as carrier. The 
dilution introduced by this procedure is immaterial in determining the 
specific activity of the tissue, which is always found by dividing the total 
'amount of radioactivity in the barium carbonate obtained by the weight 
of tissue burned. However, the total activity of these samples was on the 
lower edge of the useful range of the instrument (10 counts per minute). 
In addition, there is an error of 10 per cent in weighing such small organs 
on an analytical balance, and so there is an over-all experimental error of 
about 25 per cent in the values for these organs. 

The adrenals and gallbladder of Mouse B and the thyroids of Mouse C 
deviate from the general turnover trend so strikingly that there is no doubt 
that these values contain gross errors in addition to those mentioned above. 
Each value for bone is an average from combustions in triplicate. The 
values obtained varied by as much as 100 per cent, presumably because of 
differences in amount of adhering muscle and in amount of cartilage in 
different bones. 

Exhaled Carbon Dioxide —Carbon dioxide was collected by drawing 
through the cage a current of air which was then passed through a sintered 
glass disk into 1 m sodium hydroxide. The absorber was changed at inter¬ 
vals and the various samples of barium carbonate obtained were examined 
for specific activity and total activity. Since all the animals were kept in 
the same cage, the specific activity of the barium carbonate represents an 
average value over the number of mice contributing. To get the average 
total excretion, the total activity obtained during the first 12 hours was 
divided by 3, and during the next 12 hours by 2. 

* This instrument was constructed by Dr. Clinton D. Janney. We are indebted 
to him and to Mrs. Mary Daniels for the ionisation chamber measurements. 

* Janney, C. D., and Moyer, B. J., A technique for the measurement of oarbon 14, 
in preparation. 
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Fig. 1 shows the specific activity of the barium carbonate plotted against 
time. The specific activity of each sample is an average value over a time 
interval; to take account of this fact, at least approximately, each time 
value plotted as abscissa was calculated by dividing by 2 the elapsed time 
during an interval and adding it to total time elapsed up to the beginning 
of the interval. 

A substantial amount of activity appeared in the exhaled carbon dioxide. 
The very rapid initial rise in specific activity, which reached a maximum at 
1.5 hours, suggests that some of the tyrosine was extensively degraded 
before it had an opportunity to be incorporated into protein. During the 
first 12 hours, the amount of activity exhaled amounts to 19.3 per cent of 
the administered dose, during the second 12 hours 2.9 per cent, and during 



Fig. 1 . Elimination of activity through the lungs as carbon dioxide 

the succeeding 48 hours 7.4 per cent. Since perfusion experiments (7, 8) 
have shown liver to be capable of forming acetoacetic acid and carbon 
dioxide from tyrosine, this organ is probably responsible, in part, for the 
appearance of activity in the breath. 

Excreta —The residue in the bottom of the cage, containing considerable 
food, was washed into a beaker and evaporated to dryness on a steam bath. 
From the specific activity and total weight of this material, the amount of 
activity eliminated in urine and feces was found to be 41.5 per cent of the 
administered dose. This figure does not imply that any one of the mice 
excreted this amount, since the three mice were all in the same cage, as 
explained earlier. However, if the shape of the elimination curve is similar 
to the shape of the carbon dioxide curve, as is likely, the individual per¬ 
centages cannot be different from 41.5 per cent by an amount greater than 
=fc25 per cent of this figure. 
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In Mice A and B there was urine in the bladder at the time of dissection. 
The specific activities of the solid residues obtained by evaporating these 
samples are the ones tabulated in Table I. Since the urine production is 
about 3 ml. per day per mouse and the solids content is about 5 per cent, 

Table I 

Specific Activity (Counts per Minute per Mg. of Dry Tissue) 

Specimen Mouse A (21.1 gm.), Mouse B (22.0 gm.), ! Mouse C (23,0 fm.), 

12 hrs. 24 hrs. | 72 hrs. 


Adrenals. 

Bone. 

Brain. 

Eyes. 

Gallbladder. 

Heart. 

Intestines. 

Intestinal contents... 

Kidneys. 

Liver. 

Lungs. 

Lymph nodes. 

Muscle. 

Pancreas and fat pad. 

Plasma. 

Red cells. 

Salivary glands. 

Skint. 

Skin and hairt. 

Spleen. 

Stomach and contents 

Testes. 

Thyroids. 

Tumor. 

Urine. 


29 

2.62 

7.13 

5.62 

28 

16.6 

31.9 

31.9 
28.6 

20.4 

13.4 

14.9 
5.57 
7.48 

44.0 

1.27 

11.1 

4.37 

17.7 
16.0 

11.7 
39 

24.4 

60.9 


5.5* 

3.03 

3.79 

4.0 

8 * 

13.5 

21.6 
26.2 
23.9 
14.6 

9.82 

9.74 

3.86 

9.73 


12.8 

7.71 

4.82 

14.5 

16.8 

7.33 

14 

19.9 

51.3 


15 

1.96 

4.86 

2.7 

9 

5.72 

10.1 

7.41 

15.3 

11.3 
6.52 

10.9 

2.76 

6.79 


8.28 

6.66 

4.92 

9.63 

11.2 

7.96 

57* 

16.5 


* These values are probably in error (see the text), 
t The sample consisted of pieces of skin teased away from hair, 
t The specific activity of this sample has no particular significance because of the 
presence of hair, which has no radioactivity except at the roots. However, the 
simplest way to determine the total activity in the hide was to determine the specific 
activity of skin plus hair and multiply by the total weight; it would be difficult to 
separate all the skin cleanly from hair, as would be necessary in order to obtain the 
skin weight. 


it is clear that the urine cannot account for the total amount of activity 
excreted and that the feces carry a large amount. 

Table I shows the specific activities of the various tissues, and Table II 
shows total activities and the count balance. As an approximate com- 
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pensation for the fact that Mouse A received only 0,07 ml. of tyrosine 
solution, the values obtained for this mouse, have been multiplied by 9/7 
to obtain the figures entered in Tables I and II. 


Table II 

Total Activity (Specific Activity X Total Weight of Specimen) 


Specimen 

Mouse A. 

12 hrs. 

Monte B, 

24 hrs. 

Mouse C, 

72 hrs. 

Adrenals. 

68 

6.6 

15 

Bone... 

3,900 

4,990 

2,440 

Brain. 

603 

346 

442 

Eyes. 

62 

44 

24 

Gallbladder. 

28 

8 

10 

Heart. 

1,404 

364 

189 

Intestines. 

11,630 

8,136 

4,030 

Intestinal contents... 

4,940 

5,240 

1,630 

Kidneys. 

1,900 

1,990 

1,690 

Liver. 

6,960 

5,640 

4,280 

Lungs. 

334 

266 

189 

Lymph nodes. 

293 

195 

214 

Muscle. 

8,820 

4,605 

2,790 

Pancreas and fat pad... 

286 

204 

135 

Plasma 41 . 

1,070 



Red cells*. 

678 



Salivary glands. 


424 

257 

Skin and hair. 

4,900 

5,640 

4,780 

Spleen. 

422 

520 

222 

Stomach and contents. 

631 

523 

I 549 

Testes. 

311 

622 

! 358 

Thyroids. 

39 

9 

29 

Tumor. 

9,400 1 

8,168 

5,230 

Urine. 

1,680 i 

i 

1,180 


Total... 

60,139 

48,907 

29,403 

Total activity in carbon dioxide. 

“ “ “ cage residue... 

157,900 

90,600 

29,400 

48,900 

60,100 

Total recovered, counts per min . 

“ administered, counts per min . 

387,000 

398,000 


* From about 0.3 ml. of blood. 


Inspection of Table I shows that injected tyrosine goes to every part of the 
body. The ratio between the specific activity (counts per minute per mg. 
of dry weight) of the more active tissues (adrenals, thyroids, and intestines) 
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and the less active (muscle, eyes) is about 6 for Mouse A and the same for 
Mouse C. (Bone and erythrocytes are ignored in this comparison because 
of the rather special character of these tissues.) However, no correlation 
is found between this ratio and the ratio of turnover times; the specific 
activities of the corresponding tissues of Mouse C range between one-third 
and one-half of those for Mouse A, a difference of less than two-fold. Con¬ 
sequently, the specific activities cannot be regarded as a measure of the 
intensity of tyrosine metabolism in the various organs. 

As a matter of general interest, a gross turnover time of the administered 
radioactivity is calculated from the values in Table II for the total amount 
of activity in Mice A and C at the time of death. The time for turnover of 
half the activity is 60 hours. This figure, which represents mainly soft 
tissue turnover, may be compared with the finding (9) that after adminis¬ 
tration of radiocarbonate bone retains a large part of its initial uptake for 
a period as long as 3 months. From the point of view of the health question, 
these facts suggest that in low level irradiation from ingested radiocarbon 
tone will be the limiting tissue which will determine the tolerable dose. 7 

In drawing inferences from the variations in specific activity of the 
various tissues, it is not unreasonable to suppose that those in which the 
activity is relatively high owe this to the fact that they are involved in 
carrying out some special function in the metabolism of tyrosine, while 
those which may owe their activity merely to the incorporation of tyrosine 
as such into the tissue proteins will be less active. The fact that all the 
tissues show some activity undoubtedly reflects the fact that the latter 
occurrence is common to all of them. On the other hand, tissues with 
comparatively low activity may owe it to more than simple tissue building; 
there is no reason why other functions must necessarily be associated with 
any striking concentration of radioactivity, for an individual compound 
may be present in high specific activity, yet if its amount is small, the gross 
specific activity of the tissue will not be raised appreciably. In these cases, 
special function will be disclosed only by identifying the chemical com¬ 
pounds in which radiocarbon is present. Differences in specific activity 
will also reflect differences in tyrosine content. In bone, for instance, a 
fairly low gross specific activity might be expected because of the large 
mineral content. In addition, the presence of blood in the tissues will 
contribute activity. 

7 The specific activity values listed for bone in Table I indicate that the half time 
for turnover of the activity is only a few days. However, it has been mentioned 
earlier that duplicate activity measurements on bone samples gave values which 
varied by as much as 100 per cent. Because of the magnitude of this variation, the 
authors do not feel that their data for bone activity are a reliable measure of turnover 
rate, and that the interpretation of these data should be limited to the statement that 
the bone uptake is comparatively low. 
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Despite these limitations, there are a number of tissues whose specific 
activities are high enough to call for some comment. In order to define 
them as a group, they will be arbitrarily designated as those which in 
Mouse A possess a specific activity greater than three times that of muscle, 
or 17 counts per minute per mg. The group then comprises the adrenals, 
thyroids, intestines, kidneys, liver, gallbladder, plasma, spleen, and tumor. 

Intestines —The appearance of a large amount of radioactivity in the 
feces lends interest to the finding of high specific activity in the intestinal 
walls. It is known that the intestine is active in protein anabolism (10); 
the large fecal excretion suggests catabolism too. However, the bile repre¬ 
sents another pathway by which DL-tyrosine metabolites could enter the 
feces, and the high activity of the liver and gallbladder requires that this 
possibility be given equal consideration. 

Adrenal Glands —The theory that tyrosine is a precursor of epinephrine 
has been entertained for a long time. The formation in vivo of epinephrine 
from phenylalanine, which is known to be convertible into tyrosine, has 
recently been confirmed (11). It is likely that the high activity of the 
glands is associated with their function in synthesizing this hormone. 

Thyroid Glands —The high specific activity of these glands is consistent 
with the known facts concerning thyroxine synthesis. 

Tumor —The appearance of high specific activity in the tumor is in line 
with the rapidly growing character of this tissue. Whether or how much 
activity is due to melanin is difficult to judge. The extra activity of the 
tissue is not great enough to justify interpretation in terms of melanin for¬ 
mation. One clear conclusion is that /3-labeled tyrosine by itself offers no 
promise as a therapeutic agent against melanoma. 

j Plasma —The fact that the plasma solids have a higher specific activity 
than most tissues is consistent with the concept (12) that plasma protein 
may be an intermediate source from which many tissues build their indi¬ 
vidual proteins. However, the quantitative relationships are distorted 
by the fact that non-protein constituents of the tissues will dilute the pro¬ 
tein and lower the gross specific activity, while the plasma solids consist 
mostly of protein. 

Erythrocytes —The low activity of the erythrocytes is interesting to con¬ 
sider in comparison with the finding (13) that there is no appreciable syn¬ 
thesis of desoxyribonucleic acid in mature erythrocytes, the low uptake of 
methionine (14), and the low uptake found in the tracer work of Schoen- 
heimer and associates with nitrogen and deuterium. The activity found 
in our study may be entirely due to erythrocytes formed subsequent to 
tyrosine administration. 


It is a pleasure for the authors to express their appreciation to Professor 
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Melvin Calvin and Professor John H. Lawrence for their interest and ad¬ 
vice in this work. 


SUMMARY 

1. The synthesis of DL-tyrosine labeled with C 14 in the p position is 
described. 

2. The distribution of radioactivity following intravenous administration 
of DL-radiotyrosine to mice bearing melanosarcoma has been investigated. 

3. At 72 hours, about 30 percent of the administered dose has appeared 
in the breath, about 40 per cent in the urine and feces, with 30 per cent 
remaining in the body. 

4. Radioactivity is found in every tissue of the body. The adrenals, 
thyroids, intestines, kidneys, liver, plasma, spleen, and tumor show the 
highest specific activities. Erythrocytes are lowest, with bone next. 

5. In this species, the total activity in the body diminishes by half during 
the 60 hour period between the 12th and 72nd hour after administration of 
radiotyrosine. 
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THE CHEMICAL STRUCTURE OF PHOSPHATIDYL SERINE 
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Phosphatidyl serine is the name given to a phosphatide which has been 
isolated from brain (1, 2). This paper reports work according to which 
the chemical structure of phosphatidyl serine, prepared by the method 
described, corresponds to one of the two accompanying formulas in which 
the position of the fatty acids and phosphoryl radicals is arbitrary, since 
there is as yet no reliable way of ascertaining whether glycerophosphoric 
acid in phosphatides belongs to the a or the 0 form (3). The name of 
phosphatidyl serine was chosen because this compound appears to be an 
ester of serine and a phosphatidic acid (4). 

HiC—0 —CO—CijHu 

I 

HC—0—CO— C,tH,, 

I 

H,C—0—PO—0—CHr— CH— COOH 

I I 

OH NH, 

a-Phosph&tidyl serine 

H*C—0—CO—CnH*» 

I 

HC—O-PO—0—CHj—CH—COOH 

I I 

OH NH, 

H,C—0—CO— C„H„ 

/3-Phosphatidyl serine 

The postulated formula is based on the following facts: (1) Chemical 
analyses of phosphatidyl serine (freed of base) for C, H, N, P, carboxyl N, 
NHj-N, and fatty acids agree very closely with the theoretical values 
calculated from the postulated formula. (2) Glycerophosphoric acid, 
L-serine, and fatty acids have been isolated as cleavage products of phos¬ 
phatidyl serine in molecular proportions approximately 1:1:2. (3) Phos¬ 
phatidyl serine reacts with ninhydrin (5) and with HNO, (6) in the same 
way as an a-amino acid. This shows that both the —COOH and the 
—NH 2 groups of serine are free in the intact molecule of phosphatidyl serine. 

* Present address, McLean Hospital, Waverley, Massachusetts. 
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On the other hand, phosphatidyl serine does not react with HI0 4 . Since 
HI0 4 is known to react with compounds with a —CH(NH 2 )—CH(OH)— 
group, and specifically with serine (7), the fact that phosphatidyl 
serine does not react with III0 4 is conclusive evidence that either its 
—OH or its —NH 2 group is combined. And since its —NH 2 group is 
shown to be free both by the ninhydrin (5) and the HN0 2 reaction (6), it 
is obvious that the —Oil group is combined. (4) From the postulated 
formula, phosphatidyl serine exhibits one free basic group, namely the 
—NH 2 group, and two acidic groups, namely the —COOH group of serine 
and one group from phosphoric acid. This should give a strongly acidic 
compound that would bind 1 equivalent of base at the physiological pH. 
That this is the case is shown by the fact that phosphatidyl serine, isolated 
from brain by the use of neutral solvents and freed of water-soluble im¬ 
purities by dialysis, contains K and Na, and that the ratio (equivalence 
of base)/(atoms of P) is 1.00. That these bases are combined with 
phosphatidyl serine in a salt-like combination is shown by the fact that 
they can be removed by treatment with 0.05 n HC1, base-free phosphatidyl 
serine being thereby obtained. From the free acid the original phos¬ 
phatidyl serine K-Na salt can be prepared by the addition of the amount 
of base theoretically required. 

Serine has been isolated as serine p-hydroxyazobenzene-p-sulfonate (8). 
It accounts for 80.7 per cent of the carboxyl N present in the starting 
material. From it L-serine has been recovered in a yield that accounts 
for 73.5 per cent of serine present in phosphatidyl serine, according to 
the postulated formula. The impure barium glycerophosphate obtained 
accounts for 81 per cent of P in starting material, and the analytically 
pure barium glycerophosphate for 60 per cent of the original constituent P. 

Estimation of fatty acid gives for phosphatidyl serine a (moles of fatty 
acid)/(atoms of P) ratio of 2.00. The neutral equivalent found for the 
fatty acids was 283, which is the theoretical value for an equimolar mixture 
of oleic and stearic acids. By the lead precipitation method, phosphatidyl 
serine fatty acids were divided equally between saturated and unsaturated 
acids. From the former, pure stearic acid has been obtained. The 
amount obtained accounts for 69 per cent of the amount present in phos¬ 
phatidyl serine, according to the postulated formula. The unsaturated 
fatty acid fraction appears to be mostly oleic acid, although attempts to 
obtain this acid in pure form have failed so far. 

The iodine number calculated from the postulated formula is 31.5. 
The iodine number found varied between different preparations, ranging 
from 33.0 to 40. This discrepancy can be explained, at least in part, by 
the fact that our preparations were only between 92 and 97 per cent pure 
(as evaluated by their (carboxyl N ratio)/(total N)) and that the main 
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contaminant appeared to be phosphatidyl ethanolamine, which has a 
higher iodine number than phosphatidyl serine (2). 

It must be emphasized that this paper deals only with phosphatidyl 
serine isolated by the method described. It accounts for about 60 per 
cent of all the lipide carboxyl N from brain. However, the possible 
existence of phosphatidyl serine having fatty acids other than stearic 
and oleic acids as constituents must be kept in mind. From another 
fraction isolated from brain cephalin, to which the name of inositol phos¬ 
phatide was given for descriptive purposes (2), other preparations of 
phosphatidyl serine have been isolated, incidental to the isolation of 
diphosphoinositide (9). These phosphatidyl serine preparations are found 
to contain Na instead of K as the most abundant inorganic base. 

EXPERIMENTAL 

Analytical Methods —Manometric methods were routinely used for the 
estimation of C (10), P (11), N (12), and carboxyl N (5). Carboxyl N 
analysis on phosphatidyl serine gives better results when 1 cc. of water is 
added to the weighed dry material and the sample allowed to stand for a 
few minutes with occasional gentle shaking, so as to allow it to form an 
emulsion. In the case of base-free phosphatidyl serine, 1 or 2 drops of 
0.1 n NaOH are added to facilitate emulsification. 13 minutes in the 
boiling water bath are allowed for reaction with ninhydrin, this length 
of time having been found to yield good checks between parallel esti¬ 
mations. In the later stages of work P has been estimated by Sperry’s 
method (13), iodine numbers by Yasuda’s method (14), and barium by 
weighing it as BaSCh. NHj-N was estimated manometrically on acid 
hydrolysates, as described elsewhere (2), to eliminate interference from 
unsaturated fatty acids (15). K was estimated as potassium phospho- 
tungstate (16), and Na as sodium uranyl zinc acetate by a microgravimetric 
modification of the method of Salit (17). Ca and Mg were estimated by 
standard methods (18), modified to suit the type of material dealt with. 

In cases in which elementary composition has been used for identification 
of compounds or in which values are recorded as evidence, C and H were 
estimated by dry combustion, 1 lead chromate being used in compounds 
that had base, N by the Dumas method, and P gravimetrically as am¬ 
monium phosphomolybdate. It has been found that C values by the 
wet combustion manometric method of Van Slyke and Folch (10) agreed 
with those obtained by dry combustion. 

Glycerol was estimated by the Blix method (19), which has been found 
to give recoveries of only 95 to 96 per cent when tested with standard 
glycerol, or glycerophosphate solutions. 

1 Analyses run by Dr. E. W. Elek. 
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Preparation and Properties of Phosphatidyl Serine 

Phosphatidyl serine is prepared from brain cephalin by the chloroform- 
alcohol method of fractionation, freed of water-soluble impurities by 
dialysis, and lyophilized as described elsewhere (2). Usually this method 
yields preparations of 85 to 90 per cent purity; i.e., between 85 and 90 per 
cent of the nitrogen present is carboxyl N. When the percentage of total 
N as carboxyl N is less than the stated percentage, it is easy to bring it 
up to this level by the following procedure. 

1 gm. of the preparation under study is dissolved in 10 cc. of chloroform, 
and 16.5 cc. of absolute ethyl alcohol are added to the solution. A tur¬ 
bidity develops, and on standing or by centrifugation the system resolves 
itself into an underlying viscous layer and a clear supernatant solution. 
The clear supernatant solution is decanted, and to it are added 30 cc. of 
absolute ethyl alcohol. A precipitate separates which is collected and 
dried. On analysis it is found to contain carboxyl N at a higher concentra¬ 
tion than the mother substance. In a typical case, by this procedure the 
following fractions have been obtained from 22.6 gm. of a preparation 
containing 1.25 per cent carboxyl N: (1) recovered from the viscous 
underlying layer, 7.4 gm. of material containing 1.29 per cent carboxyl N; 
(2) the precipitate collected from the supernatant solution, 11.7 gm. of 
material'Containing 1.43 per cent carboxyl N; (3) recovered from the 
supernatant solution (2), 3.2 gm. of material containing 0.35 per cent 
carboxyl N. 

We have been unable to obtain consistently phosphatidyl serine having 
more than 92 per cent of its N as carboxyl N. Occasionally, preparations 
have been obtained showing concentrations of carboxyl N as high as 97 per 
cent of the total N. The main contaminant appears to be phosphatidyl 
ethanolamine, as is shown by the fact that all N present is NH S -N. In 
search of the nature of other contaminants phosphatidyl serine was found 
to be essentially free of cerebrosides (carbohydrates <0.1 per cent), 
lecithin, or sphingomyelin (choline <0.1 per cent) and cholesterol (<0.1 
per cent). 

Phosphatidyl serine is obtained as a loose white powder. On being 
dissolved in organic solvents and recovered from solution, it acquires a 
light tan color. After lyophilization, phosphatidyl serine keeps fairly 
weli if stored in vacuo in the dark. Under these conditions it retains a 
certain amount of water. For instance, 401.75 mg. of phosphatidyl 
serine that has reached constant weight in vacuo over CaCU at room 
temperature show a loss of weight of 6.65 mg. (t.e., 1.65 per cent) on being 
heated in a vacuum at 80° to constant weight. Restored to former condi¬ 
tions (t.e., in a vacuum at room temperature), it regains its former weight 
within 48 hours. 



J. TOLCH 


443 


Phosphatidyl aerine is freely soluble in chloroform, ethyl ether, and 
petroleum ether, and insoluble in ethyl alcohol, methyl alcohol, or acetone. 
On standing in contact with water, it forms an emulsion. These emulsions 
are very stable and an 8 per cent emulsion of phosphatidyl serine will 
stand centrifugation at 4000 r.p.m. for an indefinite period of time. 

Bases Combined with Phosphatidyl Serine —Phosphatidyl serine prepara¬ 
tions obtained by the method described are found to contain 1 equivalent 
of inorganic base for each atom of P. K is by far the most abundant base 
with a smaller amount of Na, but neither Ca nor Mg is present. Detailed 
results on this point are given in Table I for the two preparations. Studies 
carried out on cephalin preparations (20) (presumably containing about 


Tabus I 

Analysis of Two Preparations of Brain Phosphatidyl Serins 


Components 

Preparation 

Ocl ill 

Calculated for 
BCsiHwOwNP* 

Preparation 
Sept. Illbll 

Calculated for 
BGtHitOteNPf 

* 

per cent 

per cent 

percent 

percent 

0 

60.8 

61.1 

61.71 

61.50 

H 

9.32 


9.37 

9.60 

N 

1.65 


1.65 

1.71 

P 

3.75 

3.76 

3.76 

3.78 

COOH-N 

1.52 

1.70 

1.57 

1.71 

Iodine No. 

40 


38.0 



* B stands for the cations present. Preparation Oct. Ill contained 3.76 per cent 
K and 0.51 per cent Na; (equivalence of base)/(atoms of P) *■ 0.98. The values 
given in this column have been calculated for oleylstearylglycerylphosphoryl aerine 
corrected for tho cations present. 

f B stands for the cations present. Preparation Sept. Illbll contained 2.93 per 
cent of K and 0.99 per cont of Na; (equivalence of base)/(atoms of P) -> 0.98. The 
values given in this column have been calculated for oleylstearylglycerylphosphoryl 
serine corrected for the cations present. 

60 per cent phosphatidyl serine (21)) have shown that these bases are 
combined in un-ionized form. 

Analyses of Phosphatidyl Serine —The results of chemical analysis of 
phosphatidyl serine are given in Table I. It is seen that the results ob¬ 
tained closely agree with values calculated for the postulated formula 
corrected in each case for the amount of inorganic bases present in the 
preparation. 


Preparation of Base-Free Phosphatidyl Serine 

The ability of phosphatidyl serine to form fairly concentrated emulsions 
in water depends upon the presence of K or Na combined in its molecule. 
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Acidification of the emulsion results in progressive precipitation of phos¬ 
phatidyl serine as free acid. This precipitation is complete at about 
pH 1.5 (0.05 n HC1). 

The insolubility of the free acid in water is made use of to prepare base- 
free phosphatidyl serine. The method is as follows. 

3 gm. of phosphatidyl serine are emulsified with 150 cc. of water and to 
the emulsion are added 15 cc. of n HC1. The precipitate that forms is 
centrifuged off and washed once with 0.1 N HC1. The washed precipitate 
is transferred to a cellophane sausage casing and dialyzed against distilled 
water in the ice box for 3 days, the outside liquid being renewed six times. 
In the course of dialysis some of the precipitate goes back into emulsion. 
From the contents of the dialysis sack base-free phosphatidyl serine is 
obtained either by lyophilization or by precipitation with a large excess 
of alcohol (four to six times as much alcohol as water). In either case the 
dry substance is taken up in 10 cc. of CHClj and 70 cc. of acetone are added 


Table II 

Analysis of Base-Free Phosphatidyl Serine 


Component 

Preparation 
Oct. Ill 

Preparation 
Nov. Ill 

Preparation 
Sept Illbll 

Preparation 
Jan. Ill 

Calculated for 
CmHioOioNP 


per cent 

per cent 

per cent 

per cent 

per cent 

c 

t 63.34 

63.89 

63.53 

63.5 

63.9 

H 

9.92 

9.72 

9.87 

9.82 

10.1 

P 

3.89 

3.83 

3.96 

3.86 

3.92 

N 

1.74 

1.80 

1.81 

1.69 

1.78 

Base 

1.0 

0.6 

0.1 

0.4 

0.0 

COOH-N 

1.69 

1.65 

1.68 

1.59 

i 

1.78 


to it. The precipitate that forms is collected and dried, 2.3 gm. of a light 
tan loose powder being obtained. After being dried to constant weight 
over CaCla in a vacuum, it still contains about 1.80 per cent water. 
For instance, 255.54 mg. of base-free phosphatidyl serine that had reached 
constant weight in vacuo over CaCl 2 showed a loss of weight of 4.64 mg. 
(t.e., 1.80 per cent) on being heated in a vacuum at 80° to constant weight. 
The dried product, when placed in a vacuum desiccator over CaCla, re¬ 
gained its former weight in 24 hours. 

The results of chemical analyses of several preparations are given in 
Table II. They agree closely with values calculated for oleylstearyl- 
glycerylphosphoryl serine (C^HsoOioNP). 

After drying, base-free phosphatidyl serine forms emulsions in water 
with great difficulty. It is only on addition of the amount of bases (KOH, 
NaOH) required to reform the K or Na salt (1 equivalent of base per atom 
of P) that an aqueous emulsion is easily obtained. 
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Effect of Storage on Phosphatidyl Serine 

On storage in vacuo in the dark at room temperature phosphatidyl 
serine does not change its elementary composition, but some sort erf re¬ 
arrangement takes place in the molecule, so that the concentration of 
carboxyl N drops sharply. NH 2 -N decreases to a much lesser degree. 
The results of analyses on one preparation (Nov. Ill) stored under the 
conditions given above were as follows: COOH-N: original 1.62 per cent; 
after 3 months 1.39 per cent; after 5 months 1.32 per cent; after 10 months 
1.25 per cent; after 19 months 1T20 per cent; after 26 months 1.14 per cent. 
On the other hand, NH 2 -N, which was 1.70 per. cent originally, was 1.37 
per cent after 26 months. These changes with storage are much less 
marked in the case of base-free preparations. For instance, base-free 
Preparation Nov. Ill, containing originally 1.65 per cent COOH-N and 
1.80 per cent NH 2 -N was found to contain 1.50 per cent COOH-N and 
1.70 per cent NH 2 -N after 26 months storage. The fact that the NH a -N 
values decrease to a much lesser degree than carboxyl N values suggests 
that the —COOH group is mainly involved in the observed change. 

Storage in a CHCU solution at —72° (dry ice box) appears to be more 
satisfactory. Preparations stored this way for 18 months have shown 
no change in composition. 

Isolation of L-Serine from Phosphatidyl Serine 

2.25 gm. of phosphatidyl serine containing 1.42 per cent carboxyl N 
were freed of base by emulsification in water and precipitation of the 
phosphatide by addition of HC1 up to 0.1 n concentration. The precipitate 
was washed once with 0.1 n HC1 and next hydrolyzed by boiling 6 n HC1 
under reflux for 3 hours. After cooling, the hydrolysate was freed of fatty 
acids by filtration, and the filtrate was concentrated to 4 cc. volume. To 
it were added 800 mg. of p-hydroxyazobenzene-p-sulfonic acid, which was 
dissolved by heating in the boiling water bath. Crystals formed on stand¬ 
ing overnight in the ice box were centrifuged in the cold and washed twice 
with 3 cc. of ice-cold water. The washed crystals were recrystallized 
twice from 4 cc. of water. 

Aiter drying at 100° the crystals weighed 710 mg. On analysis they 
proved to be serine p-hydroxyazobenzene-p-sulfonate. They accounted 
for 80.7 per cent of the carboxyl N present in the starting material. The 
results were as follows: 

C 14 H 17 0 7 N^. Calculated. C 47.0, H 4.44, carboxyl N 3.66, base 0.00 
Found. “ 46.7, “ 4.39, “ " 3.62, “ 0.3 

569 mg. of this compound were dissolved in water, lead acetate was 
added to the solution, the lead salt removed by filtration, and the filtrate 
freed of traces of p-hydroxyazobenzene-p-sulfonic acid with charcoal. 
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The filtrate from the charcoal was dried, the residue dissolved in 2 cc. of 
water, and 20 cc. of alcohol were added to the solution. The crystals 
formed on standing overnight in the ice box were collected and dissolved 
in 0.5 cc. of water, and 10 cc. of alcohol were added to the solution. After 
standing overnight in the ice box, the crystals that formed were collected, 
dried, and analyzed. 

The crystals weighed 142 mg. On analysis they proved to be L-serine, 
and accounted for 91 per cent of the serine present in the serine p-hydroxy- 
azobenzene-p-sulfonate or 73.6 per cent of the carboxyl N present in the 
starting phosphatidyl serine. The results were as follows: 

C.H,0»N. Calculated. C 84.2, H 6.67, N 13.32, carboxyl N 13.82 
Found (corrected “ 34.15, “ 6.55, “ 13.22, « “ 13.22 

for 0.95% base). 

Rotation —A solution in 1 n HC1 containing 47 mg. of crystals per cc 
showed in a 1 dm. tube a rotation of +0.67° with sodium light; =» 
14.3°. Fischer and Jacobs give +14.5° (22). 

Isolation of Glycerophosphoric Acid from Phosphatidyl Serine 

3.35 gm. of phosphatidyl serine (Preparation May III-41) were emul¬ 
sified in 150 cc. of H 2 0, and 15 cc. of n HC1 were added to the emulsion. 
The resulting precipitate was centrifuged, washed once with 0.1 N HC1, and 
then hydrolyzed with 6 n HC1 for 100 minutes in the boiling water bath. 
After cooling, the hydrolysate was filtered and the filtrate evaporated to 
dryness in a vacuum. The dry residue was taken up in 50 cc. of water 
and the solution treated with 1 gm. of AgjO after the addition of 0.5 cc. 
of concentrated acetic acid. The precipitate was filtered off and the silver 
was removed with hydrogen sulfide. The silver sulfide was filtered off, 
after which the filtrate was evaporated to dryness. The residue was 
dissolved in 30 cc. of H 2 0 and brought to pH 10 by the addition of 12 cc. 
of saturated Ba(OH) 2 . The precipitate that separated was centrifuged 
off and washed twice with water. To the clear solution an equal volume 
of alcohol was added and the precipitate that separated was centrifuged 
off and washed once with 50 per cent alcohol and dried in a vacuum at 
142° to constant weight. It weighed 831.2 mg. On analysis it was found 
to contain 11.1 per cent P, 32.5 per cent glycerol, 32.76 per cent Ba, and 
0.2 per cent N. It accounted for 81 per cent of the P present in the starting 
material.. It appeared to be barium glycerophosphate mixed with acid 
barium glycerophosphate. 

Four precipitations from water solution, by addition of an equal amount 
of alcohol, brought the nitrogen concentration down to 0.03 per cent. 
Finally, the Ba salt was dissolved in 50 cc. of HtO, the solution was made 
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strongly alkaline by addition of 10 cc. of saturated aqueous Ba(OH)» 
solution, and an equal volume of alcohol added to it. The alcohol-insoluble 
precipitate was centrifuged, washed twice with cold 60 per cent alcohol, 
dried, redissolved in 30 cc. of water, and C0 2 bubbled through the solution. 
A slight precipitate was removed by centrifugation and to the supernatant 
was added an equal volume of methyl alcohol. The precipitate that 
formed was centrifuged, washed with 50 per cent methyl alcohol, and 
dried to constant weight at 142°. 

575 mg. of material were thus obtained. On analysis it proved to be 
Ba glycerophosphate. The analytical results were as follows: 

C»HjO»P Ba. Calculated. C 11.73, P 10. 1, Ba 44.5, glycerol 29.3 

Found. “ 11.69, “ 10.05, “ 44.6, “ 28.7 

Estimation of Fatty Acids 

Phosphatidyl serine was saponified with 8 per cent alcoholic NaOH by 
refluxing for 4 hours. After cooling, the solution was nearly neutralized 
With hydrochloric acid and concentrated to dryness in vacuo. The residue 
was acidified with n HC1 and the fatty acids were extracted with four 
successive portions of ether. The combined ether extracts were washed 
three times with equal volumes of water, and the washed ethereal extract 
was evaporated to dryness. By this method, saponification appeared to 
be complete in 4 hours, the some results being obtained for periods of 
saponification of 4 and 8 hours. 

A number of preparations were thus analyzed. The purest ones (con¬ 
taining 97 per cent of total N as COOH-N) yielded 68.6 per cent of the 
weight of the starting material as fatty acids, neutral equivalent 283; 
(moles of fatty acid)/(atoms of P) = 2.00. The theory for the K salt of 
phosphatidyl serine assumed to contain oleic and stearic acid radicals is 
68.8 per cent of the starting material as fatty acids and the neutral equiva¬ 
lent for an equimolar mixture of oleic and stearic acids is 283. Preparations 
of lesser purity yielded fatty acids of higher neutral equivalent (up to 291). 

Isolation of Component Fatty Acids —4 gm. of phosphatidyl serine were 
emulsified in 300 cc. of HiO, and 25 cc. of 19.2 n NaOH were added to the 
emulsion. The solution was immersed in a boiling water bath for 6 
hours. After cooling, the solution was acidified with HC1 to pH 1.5 and 
allowed.to stand overnight in the ice box. The next morning it was 
extracted four times in succession with an equal volume of ether each 
time. The ethereal extracts were combined and washed twice with an 
equal volume of water, after which the solution was evaporated to dryness. 
The residue weighed 2.7 gm. 

The fatty acids were separated into saturated and unsaturated adds by 
the method of Twitchell (23) as follows: The residue was dissolved in 80 cc. 
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of alflohd in a 100 cc. centrifuge tube immersed in a water bath at 75°, and 
to the hot solution were added in succession 0.5 cc. of acetic acid and 7 cc. 
of a 25 per cent aqueous neutral lead acetate solution. A small amount 
of precipitate settled to the bottom. The clear supernatant solution was 
transferred to another centrifuge tube in the same bath and then the bath 
was allowed to cool. Next morning the clear supernatant was decanted 
and the precipitate was washed with alcohol. The combined washing 
and supernatant solutions were evaporated to dryness. The residue was 
dissolved in 30 cc. of ether and the ethereal solution allowed to stand over¬ 
night in the ice box. The small amount of precipitate formed was 
filtered off and discarded. The filtrate was evaporated to dryness and 
the residue dissolved in 40 cc. of methyl alcohol, after which the lead was 
removed with hydrogen sulfide. The filtrate from the lead sulfide was 
evaporated to dryness. The residue was an oil which contained some 
white crystals. It weighed 1250 mg. 

The oily residue was treated with 30 cc. of petroleum ether. Most of it 
went into solution. After standing overnight in the ice box, the petroleum 
ether solution was filtered and the filtrate evaporated to dryness. The 
residue was a clear oily liquid and weighed 1100 mg. The neutral equiva¬ 
lent was 283 and the iodine number 87.0. It appeared to be slightly 
impure oleic acid. Attempts to isolate analytically pure oleic acid from 
it have failed. The amount of impure oleic acid obtained amounted to 
79.5 per cent of the amount present in the starting material, according to 
the postulated formula. 

The alcohol-insoluble lead soaps were reprecipitated from 60 cc. of hot 
alcohol (to which 0.5 cc. of acetic acid had been added), the solution being 
allowed to cool over a period of 2 hours. After standing overnight at room 
temperature, the precipitate formed was collected by centrifugation and 
washed with 95 per cent alcohol. 

After drying in a vacuum, the lead soaps were transferred to a separatory 
funnel with ether and the ethereal suspension washed with dilute nitric acid 
and then four times with water, after which the ethereal solution was 
evaporated to dryness. The residue was a crystalline mass which weighed 
1100 mg., m.p. 65°. Neutral equivalent 279; iodine value <1.0. It was 
assumed that the material was impure stearic acid. The residue was 
dissolved in 80 cc. of hot alcohol. On cooling, a small amount of precipitate 
separated which was filtered off and the filtrate evaporated to dryness, 
after which the residue was dissolved in 40 cc. of hot alcohol. On cooling, 
a small precipitate formed. The solution was filtered, evaporated to 
dryness, and the residue dissolved in hot alcohol. No precipitate formed 
on cooling. The solution was evaporated to dryness. 
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The crystalline residue weighed 950 mg. CM analysis it proved to be - 
pure stearic acid. The results were as follows: 

CuHmOj. Calculated. C 76.0, H 12.72, Base 

Found. “ 75.8, “ 12.65, “ 0.1 

M.p. 69.3°; mixed m.p. with stearic acid, 69.3°; neutral equivalent 284.0. 

The amount of pure stearic acid obtained represents 69 per cent of the 
amount present in the starting material, according to the postulated 
formula. 


SUMMARY 

1. A method is described for the isolation of phosphatidyl serine of at 
least 92 per cent purity. 

2. As cleavage products, glycerophosphoric acid, L-serine, and fatty 
acids have been isolated in molecular proportions of 1:1:2. Fatty acids 
present appear to be mainly stearic acid and oleic acid. 

* 3. Phosphatidyl serine reacts with HN0 2 and ninhydrin as an a-amino 
acid, which shows that both the —COOH and the'—NHj groups are free. 
It does not react with HICh, which shows that either its —NH* or its 
—OH group is combined. Therefore, it appears that the combination of 
serine in the phosphatidyl serine molecule is through its —OH group. 

4. It is concluded that the structure of phosphatidyl serine is that of 
stearyloleylglycerylphosphoryl serine. The results of analyses are found 
to agree with the values calculated from the postulated formula. 

5. As isolated by neutral solvents, phosphatidyl serine is obtained as a 
K and Na (the former being the most abundant) salt, (equivalence of base)/- 
(atoms of P) = 1.00. The inorganic cations can be removed by treatment 
with 0.1 n HC1. 

6. Phosphatidyl serine studied in this paper represents 60 per cent of 
total lipide carboxyl N in brain. Other preparations of phosphatidyl 
serine can be obtained in which Na is the most abundant base. 
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I. FACTORS AFFECTING THE PRECISION OF BACTERIAL GROWTH 
RESPONSES AND THEIR MEASUREMENT* 

By GERRIT TOENNIES and DOROTHY LEAF GALLANT 

{From the Lankenau Hospital Research Institute and The Institute for 
Cancer Research t Philadelphia) 

(Received for publication, December 22, 1947) 

The accuracy of bacteriological amino acid determinations is generally 
considered to be of the order of magnitude of 10 per cent and attainment of 
optimal results often depends upon the statistical effect of large numbers of 
individual experiments. By contrast, the order of magnitude of the ac¬ 
curacy of specific chemical methods of analysis is greater by a power of 10 
and adequate results are obtained from duplicate or triplicate determina¬ 
tions. As long as few data are available concerning the r61e of the many 
variables which affect microbiological analysis, the presumption that 
biological factors represent the dominating sources of error remains unveri¬ 
fied. The present paper records results of a study of various factors which 
affect precision and reproducibility of quantitative measurements of growth 
responses of Streptococcus faecalis (American Type Culture Collection No. 
9790). 

Medium —Initially, the medium and method were those of Stokes et aZ. 
(2). Subsequently photoelectric turbidimetry was adopted as the method 
of measurement because, among other reasons, it removes the limitations 
on the buffering capacity of the medium imposed by the acidimetric methods 
The endeavor to increase the range of linear response to increments of the 
limiting nutrient by minimizing changes of pH during growth and con¬ 
siderations regarding completeness 1 of the medium in terms of growth fac- 

* Aided by a grant from Mrs. L. Elisabeth Nax. Reported in part before the 
American Society of Biological Chemists, Chicago, May, 1947 (1). 

1 For present purposes a medium is termed complete with regard to a growth factor 
if its effective level is not changed by the addition of the material to be analyzed. 
When a medium is ready for sterilization and inoculation after its component volumes 
have been combined in the individual culture tubes, it is a finished medium. If it is 
prepared in bulk and placed into culture tubes in a single operation, it may be called 
a prepared medium. Media which, for analytical purposes or other reasons, contain 
certain components in submaximal amounts will be designated as limited media, and 
accordingly a specific medium which contains all of its components in maximal 
amounts is called a non-limited medium. The term basal medium adequately identi¬ 
fies the form in which a medium (usually limited) is made in bulk; t*.e., usually at 
twice the concentration of the finished medium. 
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tors led to the adoption of the provisional modified medium 2 shown in Table 
I. This medium differs from that of Stokes et al. (2) as follows: The glu¬ 
cose content is increased from 1.00 to 2.00 per cent; the 0.0066 m potassium 
phosphate buffer of pH 6.7 is replaced by 0.3 m sodium phosphate and, to 
satisfy potassium requirements (3), 0.005 m potassium phosphate buffer 
of pH 6.5; adenine, guanine, and uracil are replaced by a hydrolysate of 

Table I 


Composition of Modified Buffered Medium 


Constituent 

Amounts per culture tube (10 cc.) 

Glucose 


mg. 

200 

NaHsPOi-HsO 

1.95 

269.4 

Na a HP0 4 

1.05 

149.1 

Sodium acetate (anhydrous) 


60.0 

(NH 4 ),S0 4 


6.00 

DL-Glutamic acid 


6.00 

kh,po 4 

0.0325 

4.42 

k,hpo 4 

0.0175 

3.05 

Yeast nucleic acid -f 10% thymine, hydrolyzed* 


2.20 

MgS0 4 *7Hj0 


2.00 

Glycine 

Alanine, aspartic acid, isoleucine, leucine, methionine, 


2.00 

phenylalanine, serine, threonine, valine (all dl) 
Arginine, cystine, histidine, hydroxyproline, proline, 


2.00 (each) 

tryptophan, tyrosine (all l) 


2.00 11 

L-Lysine 


1.00 

NaCl, FeS0 4 *7Hi0, MnS0 4 -4H,0 


0.100 (each) 

l-A sparagine, L-glutamine 


0.050 “ 

Nicotinamide 


0.010 

Pyridoxamine 


0.0040 

Pantothenic acid, riboflavin, thiamine hydrochloride 


0.0020 (each) 

p-Aminobenzoic acid 


0.00040 

Biotin 


0.000050 

Pteroylglutamic acid 

1 

0.000020 


* 500 mg. of yeast nucleic acid (Schwarz Laboratories) and 50 mg. of thymine are 
digested with 5 cc. of 3 n HC1 for 6 hours at 120° in a sealed tube. The dark filtrate 
is made up to 50 ec. 0.2 cc. of this solution is used for each 10 cc. of finished medium. 


yeast nucleic acid and thymine (as a substitute for not readily available 
thymonudeie acid); norleucine is omitted because it is apparently not a 
protein component (4), but may, on the other hand, act as a metabolic 
competitor of methionine (5); glutamic acid is increased from 2 to 6 mg. 

* Characterization of this medium in terms of analytical results will be the subject 
of another paper. 
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because it appears to have a favorable effect on generation time ( 6 ); biotin 
is increased twenty-five times because highly diluted solutions were found 
to be extremely unstable and because 0.002 7 seemed to be less than twice 
the amount required for maximal growth under our conditions;ammonium 
sulfate, asparagine and glutamine, and the change from nicotinic acid to 
nicotinamide are introduced as potential improvements in the light of re¬ 
cent developments (7). 

Sterilization —An experimental evaluation of the average precision of a 
single determination (titration of a single tube), when made according to 
Stokes et al. ( 2 ), showed a standard deviation of 5 to 6 per cent, so that seven 



Fig. 1 . Sterilizing time and acid formation. Seven sets of four tubes, containing 
10 cc. of a prepared non-limited Stokes’ medium, were separately sterilized at 15 
pounds steam pressure for periods ranging from 3 to 20 minutes. After inoculation 
of two tubes of each set, all were incubated (37-38°) and titrated. 

to ten determinations would be required to yield, for a single point, an 
average value with a standard error of ±2 per cent. 

Fig. 1 summarizes the results of an experiment which shows that bacterial 
growth, as reflected in net acid production, is adversely affected by extended 
heating of the medium, thus suggesting that local variations in the intensity 
of heat sterilization may be causes of low reproducibility. Similar observa¬ 
tions have been reported by Hill and Patton ( 8 ). In the procedure finally 
adopted, as a result of these and other findings, the steam pressure of the 
sterilizer is kept at 15 to 17 pounds for not more than 2£ minutes. This 
technique has proved to be completely adequate; in many dozens of experi¬ 
ments, no growth has been observed in uninoculated control tubes. 
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The experimental results shown in Table II s indicate that individual van* 
ationa in sterilizer action are not likely to give rise to more than minor dif¬ 
ferences in subsequent growth when the 2| minute procedure is employed. 

Photoelectric Measurement —Three aspects of the practicability of turbi- 
dimetric measurement are the availability of a suitable instrument, culture 
tubes of uniform bore, and the possible interference of color. As will be 
shown in detail, the photoelectric Coleman model 11 spectrophotometer 
possesses adequate accuracy and sensitivity, and the Coleman cuvettes 


Table II 

Effect of Individual Sterilizations on Subsequent Color Formation and Bacterial Growth 




Group A* 

Group B* 

Group C* 

Sterilization 

Time required to reach 15 lbs. 
pressure, sec. 

40f 

25 

25 


Total time at or above 15 lbs. 
pressure, sec. 

165 

170 

170 


Highest pressure reached, lbs. 
per aq. in. 

174 

18 

181 

Incubation (wa¬ 
ter bath, 

Cooling time (return of pressure 
to 0), min. 

Optical density, mean values of 

4 tubes, with standard error 

10 

: 

10 

10 

. 

377°) 

After 22 hrs., inoculated 

181 db 1 

181 db 1 

182 db 1 


“ 22 “ uninoculated 

36 ± 2 

38 =fc 2 

35 =b 1 


After 44 hrs., inoculated 

320 ± 2 

322 ± 2 

319 db 1 


11 44 “ uninoculated 

Net value of bacterial turbidity 

100 db 4 

106 ± 1 

105 ± 5 


22 hrs. 

145 db 2 

143 ± 2 

147 ± 1 


44 •* 

220 db 4 

216 =b 2 

214 =fc 5 


* All tubes contained 10 cc. of prepared modified medium limited by 12 y of 
threonine. Each group consisted of eight tubes, four of which were inoculated, 
t The sterilizer was cold in the beginning. 


(19 X 150 mm. round, selected) are of sufficient uniformity to permit their 
use as culture tubes which can be directly read in the instrument. 

Fig. 2 shows absorption spectra of a culture medium in the presence and 
absence of a protein hydrolysate. Condensed results of an experiment in¬ 
volving measurements at various wave-lengths and concerned with the 
effect of sterilization time and colors upon bacterial growth in turbidimetric 
terms are shown in Table III. Tubes containing a prepared non-limited 

*A11 spectrophotometric values are reported in optical density units, 1000 X 
Jog/,/7 (/»— intensity of incident light, I — intensity of light after passage through 
the medium measured). 
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Fio. 2. Absorption spectrum of Stokes’ medium. Optical density readings of a 
standard culture tube (10 cc. of finished medium). 0,5 cc. of basal medium (non-lim¬ 
ited), after 20 minutes sterilization; 0,5 cc. of the same medium and the neutralized 
hydrolysate of 2.9 mg. of tissue protein (selected because among Bix hydrolysates it 
had the deepest color); 5 rainutcB sterilization and 16 hours incubation. 


Tablb III 

Gross and Net Optical Density Value* of Bacterial Turbidities under Different 

Conditions 





Sterilisation 



Wire- 

10 min. 

20 min. 


length 


Incubation, 37-38* 




2 days 

4 days 

2 days 

4 days 

Total reading. 

400 

1380 

1580 

1550 

1740 

Net reading, I*. 

400 

810 

870 

660 


“ “ Ilf. 

400 

910 

1030 

740 


Total reading. 

500 

1010 

1170 



Net reading, I. 

500 

850 

■ 



“ " II. 

500 

890 ! 


850 

1000 

Total reading. 

700 

730 

830 

690 

790 

Net reading, I. 

700 

690 

790 


720 

“ II . 

700 1 

690 

790 

650 

750 


* Obtained by deducting color of non-inoculated tubes, 
f Obtained by deducting color of inoculated tubes after centrifugation. 


Stokes medium were sterilized at 15 pounds pressure for 10 and 20 minutes, 
respectively, and all except two tubes of each set were inoculated. The 
formation of color during both sterilization and incubation is evident, as is 



























466 


BACTERIMETRIC STUDIES. I 


the fact that the bacteria adsorb or consume some of the color of the med¬ 
ium; after centrifugation non-inoculated tubes show more color than inocu¬ 
lated ones. However, at 700 mji and with 10 minutes (or less) of sterili¬ 
zation, this difference becomes negligible. Therefore, readings were 
subsequently made at 700 m/t and color correction values were obtained 
from control tubes without bacterial growth. A tube containing water was 
used for zero adjustment and cultures were shaken before measurement to 
insure uniform suspension. 

Mechanical Factors Affecting Precision of Photometric Readings —An 
evaluation of the following five factors was undertaken: (a) reproducibility 
of individual spectrophotometric readings of transparent media, (6) uni¬ 
formity of the transmittancy of the glass of the tubes, (c) uniformity of the 


Table IV 

Statistical Analysis of Mechanical Factors in Photometric Readings 


Series 

No. 

No. of 
tubes 

Medium in optical path 

Variate measured 

Mean 

reading 

Standard 

deviation 

1 

88 

h 2 o 

Difference between 2nd and 1st 
determinations for each tube 

0 

±1.8 

2 

21 

CuS0 4 

! u 

n 

488 

±1.8 

3 

69 

HjO 

Difference between readings of in¬ 
dividual tube and mean value of 
all tubes 

0 

±1.5 

4 

59 

CuS0 4 

u 

tt 

487 

±2.3 

5 

59 

Bacterial suspen¬ 
sion 

a 

a 

486 

±2.9 

6 

59 

CuS0 4 or bacte¬ 
rial suspension 

Difference between readings of 
individual tube with CuS0 4 
solution and bacterial suspen- 
I si on 

487 

±1.8 


diameter of tubes as determined with a transparent medium or (d) with a 
bacterial suspension, and (e) reproducibility of readings of a bacterial sus¬ 
pension. The results of the measurements are summarized in Table IV. 
In these tests the tubes were filled with water, a copper sulfate solution, or 
a suspension of heat-killed bacteria. 

In the statistical analysis of the results the approximation formul as give n 
by Daniels (9), involving the use of the term, K = ±0.845/(n y/ n — 1), 
have been used. The standard error, M, is then equal to ±1.48&,2v, 
and the standard deviation, m, is equal to ± 1,48\/where n is the 
number of measurements and the stun of the deviations from the mean. 

Within each series, the distribution of individual values was found to 
approximate closely that to be expected from a normal distribution (in the 
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statistical sense (10)); i.e., one-third of the values falls beyond the range of 
±1 m, and one-twentieth exceeds the range of ±2m. The data of Series 1 
and 2 indicate that in terms of optical density units the error due to instru¬ 
ment, human factor, and individual tube corresponds to a standard devia¬ 
tion of less than ±2. According to Series 3, variations in the transmit- 
tancy of the glass of the individual tubes do not exceed the basic reading 
error. The results of Series 4 and 5 show that variations in the diameter 
of tubes contribute a small but definite additional error. According to 
Series 5, measurements of bacterial suspensions appear somewhat less pre¬ 
cise than those of transparent media. This is confirmed in Series 6, which 
alBO shows that tube calibration values obtained with copper sulfate are 
valid for bacterial readings. 

If one uses a supply of tubes showing normal distribution in size (optical 
path) with a standard deviation of approximately ±0.5 per cent, variations 
of tube size will not, in the average, introduce an error appreciably larger 
than that inherent in the spectrophotometric reading itself. 

’ Pipetting and Evaporation —In actual analytical work, a composite vol¬ 
ume of, usually, 10 cc. is measured into each tube by several pipettings. 
Sixteen 2 cc. portions of water, delivered from different parts of the scale 
of serological pipettes of 5 cc. capacity, averaged, according to their weights, 
2.004 cc., with a standard deviation of ±0.015 cc. 

Twelve tubes containing growing 10 cc. cultures kept for 24 hours in the 
water bath at 42° (i.e. several degrees above the usual incubation tempera¬ 
ture) lost by evaporation 2.13 ± 0.34 (s.d.) per cent of their weight. It is 
apparent that these two sources of error remain in magnitude below that of 
tube dimensions. 

Cleaning of Tubes —In the course of actual assay studies instances were 
encountered periodically of single tubes being far behind their expected 
turbidity values when readings were taken after 20 hours of incubation or 
earlier. In most cases the anomaly had disappeared when additional read¬ 
ings were taken 24 or more hours later. As a result of these observations a 
study was made of cleaning methods. Washing with a dilute solution of 
Nacconol (a long chain alkyl aryl sodium sulfonate detergent) followed by 
numerous rinsings had been the initial practice. The following procedure, 
adopted as a result of many experiments, has consistently proved to yield a 
dependable supply of clean tubes. The used tubes are washed with tap 
water, drained, and submerged in cleaning fluid 4 and kept on the steam bath 

1 A simple method of preparing this solution is as follows: Make a hot solution of 
equal weights of water and sodium dichromate. To this solution, placed in a large 
porcelain pot, add, with stirring (and great care), approximately 11 times its weight 
of concentrated sulfuric acid. This solution is used repeatedly until the green color 
of reduced chromium becomes noticeable. 
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overnight. After removal of the cleaning fluid by thorough rinsings with 
tap water and at least one rinsing with distilled water, the tubes are sub¬ 
merged in distilled water in covered beakers and autoclaved at 15 pounds 
pressure for 20 minutes. 

Incubation Temperature; Air Incubator versus Water Bath —The tempera¬ 
ture dependence of the growth rate of the organism used has been made the 
object of a separate investigation, begun after completion of the experi¬ 
ments here described. In accordance with prevailing practice an incuba¬ 
tion temperature of approximately 37-38° has been used throughout the 
present work. However, when it appeared that, in the incubator used (a 
Hearson anhydric electric of 20 X 20 X 24 inches inside dimensions), rea¬ 
sonable temperature uniformity, as measured in terms of bacterial growth, 
exists only within a narrow space, a comparison was made of three different 
facilities: System A, the Hearson incubator, with the shelf placed at med¬ 
ium height, occupied by six wire racks, each of an area of 10J X 4$ inches, 
providing a total of 240 test-tube spaces; System B, a modem incubator 
with forced air.circulation provided by a twin blower system (three of the. 
40 tube racks were placed on the top and three similar racks on the bottom 
shelf); and System C, a constant temperature water bath assembled in the 
laboratory. This bath consists of a 36 X 13 X 16 inch aquarium tank and 
the requisite accessories: a high speed electrical stirrer, a 500 watt immer¬ 
sion heater, an adjustable mercury thermostat, a mercury plunger relay, 
and ledges for the support of five 40 place wire racks. For reasons of cir¬ 
culation all positions adjoining the walls of the tank are left vacant. Dur¬ 
ing operation the bath is covered with roof-shaped pieces of sheet aluminum, 
and the water level is automatically maintained 4 inches above the bottom 
of the tubes. 

The tests were run. by charging a large number of tubes with prepared 
modified medium limited by 12 y of threonine. The tubes were uniformly 
distributed throughout the racks, with empty tubes placed in the unused 
spaces. In the water bath (System C) all spaces were thus occupied, but 
in the air incubators (Systems A and B) only every second space was filled 
chess-board fashion in order to permit free circulation of dr. All tubes 
were removed after approximately 22 hours and, after readings were taken, 
returned to be read agdn after a total of 44 to 48 hours of incubation. The 
results given in Table V show that readings are consistently more homo¬ 
geneous after the second period of incubation and that the water bath gives 
aubstantidly more uniform results than the air incubators. Possible errors 
arising as a result of additiond growth taking place while the tubes are 
being read are eliminated by reading the series forward and backward and 
taking averages. Comparison of the data of Tables IV and V shows that 
after 2 days of incubation in the bath the degree of consistency of readings 
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approaches that to be expected from the operation of the non-living vari¬ 
ables. 

Inoculum —In the practice of microbiological assay it is customary to pre¬ 
pare a fresh inoculum for each day’s work. Nevertheless, with identical 
media and identical conditions, identical amounts of growth are not gen¬ 
erally expected in separate experiments. This lack of reproducibility may 
be attributed to uncontrollable day to day variations in the composition of 
the medium, in chemical changes incident to sterilization, in temperature 
and time of incubation, or in the biological activity of the bacteria. After 
the conditions of sterilization and incubation hod been standardized, the 
question of the variability of inocula was examined. 


Table V 

Results of Comparisons of Incubation Systems 







No. of deviations exceeding 

ft 

System 

No. of 
tubes 

Period 
of inru* 

Range of 
readings, 
optical 
density 

Average valor db • J>.; 
optical density 

db 1 SJ>. 

ds2*JD. 

ballon 

% 

*2 

• 







A* 

1 

A* 

1 



kn. 







A. Hearson incuba¬ 

48 

22 

138-186 

172.6 ± 11.1 

16 

15 

o 

3 

tor 


48 

241-272 

259.3 =fc 7.6 

13 

& 

2 

B. Circulating air 

46 

22 

121-155 

138.0 ± 8.5 

15 

12 

9 

m 

incubator 


44 

229-254 

242.9 ± 5.2 

16 


2 

C. Water bath 


22 

161-177 

167.8 db 4.0 

13 

14 

2 

1 



46 

220-231 

226.1 ± 3.3 

! 14 

0 


* According to “normal distribution." 


We have stored and subcultured agar cultures of Streptococcus faecalis in 
the manner described by Stokes and Gunness (11). In order to study the 
effect of storage of the inoculum on the resulting growth the experiments 
described in Fig. 3 were undertaken. A slow decrease of growth potential 
of the inocula as a result of their cold storage is evident; the rate of this 
decrease, measured in terms of the resulting 16 hour growths, is approxi¬ 
mately 3 per cent per day, and in terms of 22 hour growths, 1 per cent per 
day. The standard deviations within each set of eight tubes averaged ±3 
after 16 hours of incubation and ±2 after 22 hours, and apart from slightly 
lower net growth no disadvantage seems to accrue from the use of stored 
cultures. An earlier statement concerning the advantage of the use of aged 
inocula (1) must be withdrawn. 

In view of these observations, it became of interest to consider the effect 
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of the age of the parent agar culture on the growth potential of derived 
inoculation cultures. Accordingly, bouillon subcultures were made from 
five different agar cultures which had been stored at +4° for different peri¬ 
ods ranging from 0 to 96 days. The bouillon cultures were incubated for 
periods of 7 or 24 hours and, after determination of the resulting optical 
density, were centrifuged, washed as usual, and then diluted with water, 
so that suspensions of somewhat similar concentrations resulted. Four 10 
cc. portions of prepared standard medium (12 y of threonine) were inocu¬ 
lated with each of these suspensions, the tubes were simultaneously in¬ 
cubated in the water bath, and readings were taken after 22 and 44 hours. 



Fig. 3. Influence of storage on inoculum. Stab cultures from agar were grown in 
bouillon medium (8 cc.) and the resulting cultures were centrifuged, washed with 
saline, again centrifuged, decanted, and stored at +4°. After dilution with 60 cc. 
of water, single drops were added to 10 cc, portions of prepared modified medium 
limited by 12 y of threonine and sterilized 2£ minutes. Optical density readings were 
taken after 16 to 17 hours (round symbols) of incubation (37-38°) and after 22 to 25 
hours (square symbols). The open symbols show results of a series of inocula grown 
for 6 hours; the solid symbols refer to another series which were grown for 24 hours. 

The results are summarized in Table VI. Apparently the cold storage of 
agar cultures for more than 3 months has no significant effect on the growth 
potential of their bacterial progeny, although the agar-stored bacteria them¬ 
selves show a marked loss in early activity. 

Because of the observed tendency for readings to become more uniform 
with increasing time of incubation (at least up to about 60 hours), it seemed 
of interest to determine to what extent the size of the inoculum may be a 
factor in this connection. The experiment described in Fig. 4 shows that 
during the terminal stages of growth, when the residual concentration of 
the limiting nutrient presumably becomes a rate-controlling factor, the bac- 



G. TOENNDuS AI9B D. L. GALLANT* 


491 


Table VI 

Growth Potential of Inocula Derived from Agar Cultures of Different Age 



Fig. 4. Influence of size of inoculum. A freshly grown 20 hour bouillon culture 
was centrifuged, washed, and diluted with 10 cc. of water. Of forty-five tubes 
containing prepared modified medium (12 y of threonine; sterilized 2| minutes) 
nine were inoculated with single drops of this suspension (Inoculum A). By suc¬ 
cessive dilutions with 2 volumes of water, Inocula B, C, D, and E were obtained 
so that the consecutive bacterial concentrations were approximately in the ratio 
of 81:27:9:3:1. The abscissa units are logarithms of the bacterial concentrations 
of the inocula; optical densities were measured after 22 and 44 hours of incubation 
(water bath, 37.7°). The symbols represent mean values with their standard errors. 


terial density attained bears an approximately linear relationship to the 
logarithm of the quantity of inoculum, and that the influence of inoculum 
size decreases as growth approaches asymptotically the depletion level. 
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This finding is consistent with the conclusion of Harrington (12) that the 
lag period, t'.e. the time required to reach visible turbidity, is a linear func¬ 
tion of the bacterial count at inoculation. For the middle inoculum con¬ 
centration (which corresponds approximately to the usual practice), and 
for the medium used, doubling or halving of the inoculum would change 
the optical density value at 22 hours by about 1.5 per cent and at 44 hours 
by about 0.6 per cent. Accordingly, ordinary variations in the size of in¬ 
dividual inoculation drops can hardly be sources of significant variations 
in the analytical results. 

On the basis of the foregoing the following procedure is proposed for the 
preparation of an inoculum of practically constant properties. A 6 hour 
culture in bouillon is grown from a suitable agar inoculum, the resulting 
optical density is measured, and, after centrifuging and washing the cells 
with water, the fresh inoculum is diluted with an amount of sterile water 
which in cc. is approximately one-tenth of the optical density; e.g., for a 
suspension of 650 optical density 65 cc. of water are used. 

For large numbers of inoculations, it is convenient to use a device made 
by sealing a stop-cock to one end of the bulb of a broken 25 cc. pipette 
and drawing out the other end to a fine tip, so that the whole piece is not 
longer than 0 inches. In use it is clamped at on angle about 20° above 
the horizontal position, and the stop-cock is adjusted to a convenient drop 
rate. 


SUMMARY 

The influence of experimental variables upon the growth of Streptococcus 
faecalis in synthetic media has been investigated with the following results: 

1. Heat sterilization per se may contribute to the titratable acidity of 
a synthetic medium and at the same time adversely affect subsequent 
growth. Heating for 2$ minutes at 15 pounds steam pressure is sufficient 
for effective sterilization of the synthetic media investigated. 

2. In photoelectric turbidimetry of bacterial cultures, errors due to color 
effects are smallest at wave-lengths near 700 m/i. Color differences which 
exist between non-inoculated and inoculated but otherwise identical media 
after incubation become negligible when the sterilization time is shortened 
and readings are taken at 700 mp. 

3. A distribution pattern among the optical diameters of selected culture 
tubes corresponding to a standard deviation of ±0.5 per cent adequately 
matches the precision of turbidity measurements obtained with the Coleman 
model 11 spectrophotometer. 

4. Culture tubes are consistently freed of biologically effective traces of 
impurities when they are treated with chromic-sulfuric acid, and subsequent 
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washings are terminated with at least one 20 minute period of heating in 
water at 120°. 

5. The range of variations in bacterial growth occurring among identi¬ 
cally charged tubes can be reduced to about one-third by the use of a con¬ 
stant temperature water bath in place of a convection-type air incubator. 
In a water bath under optimal conditions, growth variations are less than 
twice as large as the variations in readings imposed by instrumental pre¬ 
cision. 

6. Refrigerator storage of agar cultures or of washed organisms grown 
in liquid cultures results in a slow linear decrease in the amount of growth 
induced in a standard medium by inocula taken from the stored cultures. 

7. When organisms from freshly grown cultures serve as the inoculum, 
the ensuing growth is the same under standard conditions, regardless of the 
age of the parent culture of the inoculum. 

8. Ordinary variations in drop size occurring in single drop inoculation 
are negligible as sources of experimental error. 
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Glycine and other a-amino acids in very low concentration increase the 
activity of tissue phosphatases, whereas there have been indications that 
in higher concentrations they appear to decrease it (I). It was recently 
shown that glycine, in concentrations higher than the 0.006 m necessary for 
optimal activity, inhibited the action of bone and intestinal phosphatases, 
the former in an entirely non-competitive manner and the latter, largely so 
(2). The inhibition was found to be dependent on the presence of the free 
carboxyl and amino groups of glycine. Esterification of the carboxyl group 
reduced the inhibition to about one-half the value obtained with glycine and 
the introduction of methyl groups into the amino group decreased the 
inhibition even more markedly. 

These findings naturally raised the question as to the extent to which 
other a-amino acids might inhibit phosphatase activity. The present paper 
is concerned chiefly with the study of the inhibitory effects of DL-alanine, 
of the basic amino acids, L-lysine and L-histidine, and of the dicarboxylic 
L-glutamic acid on the activity of intestinal, bone, and kidney phosphatases. 

EXPERIMENTAL 

The methods for preparing dialyzed phosphatase extracts and for measur¬ 
ing their activity have been described previously in detail (3). In most 
of the experiments reported in the present paper, the concentration of 
enzyme preparation was 12.5 per cent by volume of the hydrolysis mixture; 
that of the substrate, sodium /3-glycerophosphate, was in the maximal 
range, 0.0127 or 0.0254 m. The concentration of the buffer, sodium diethyl 
barbiturate, was 0.5 gm. per 100 cc. of hydrolysis mixture or 0.024 m. In 
accordance with considerations previously presented (3), concentrations of 
0.01 m magnesium ion and 0.006 m glycine were present in order to obtain 
optimal enzyme activity. Each determination of phosphatase activity was 

* Supported by a research grant from the United States Public Health Service. 
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carried out at optimal alkaline pH, assured by running a series of hydrolyses 
constituting a very closely spaced pH-activity curve in and about the 
optimal range. The reaction velocities were determined from the amount 
of phosphorus liberated as inorganic phosphate per cc. of hydrolysis mix¬ 
ture at three time intervals, spaced as equally apart as possible, during the 
zero order portion of the hydrolysis and were expressed as micrograms of 
phosphorus per cc. per minute. The liberated inorganic phosphate was 
determined by the method of Fiske and Subbarow (4) after assurance had 
been gained that the colorimetric readings were not affected by the con¬ 
centrations of the a-amino acids employed.. All hydrolyses were con¬ 
ducted at 25° in a water thermostat regulated to within 0.01-0.05°. The 
a-amino acids were of reagent grade and were from the following sources: 
Fisher, Eastman Kodak, Pfanstiehl, and Merck. 1 The a-amino acids were 
made up in solutions which were adjusted to about pH 9.0. For any 
particular series of experiments designed to characterize the inhibitory 
effect of a particular amino acid on a phosphatase preparation, reaction 
velocities were usually determined in the presence of from four to seven 
different concentrations of the a-amino acid. Several bone and intestinal 
and one kidney phosphatase preparations were used in the course of this 
work. Other techniques are described in connection with specific experi¬ 
ments. 


R emits 

Reversibility of a-Amino Acid Inhibition —In the course of earlier work 
(1) it was pointed out that intestinal and kidney tissues have considerable 
autolytic capacity and that their crude extracts, therefore, probably contain 
relatively high concentrations of proteolytic products, including a-amino 
acids. Observations on the relationship between the concentrations of such 
preparations and their rates of reaction as well as the finding that dialysis 
increased their phosphatase activity indicated that the inhibition by pro¬ 
teolytic products was reversible. However, more definite proof is offered 
in Table I. It may be seen that a concentration of 0.12 u DL-alanine in the 
final hydrolysis mixture reduced the phosphatase activity of an intestinal 
preparation to 25 to 31 per cent of its original activity. Dialysis resulted 
in an increase of the enzyme activity; so that at the end of 24 to 28 hours it 
was 73 to 83 per cent of the activity of a sample of the uninhibited phos¬ 
phatase preparation which had been dialyzed under similar conditions. 
Again, a concentration of 0.0025 m n-histidine decreased the phosphatase 
activity to 20 per cent of the uninhibited activity; dialysis restored it to 60 
per cent. 

1 We are indebted to the Department of Biochemistry, Cornell University Med¬ 
ical College, for a sample of L-lysine. 
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Expression of Degree of Inhibition by a- Amino Acids —It was previously 
shown that the inhibition of bone phosphatase by glycine was non-com¬ 
petitive (2). The extent of such inhibition may be expressed in accordance 
with the following transposition of the Michaelis-Menten equation (5, 6) 

K ' ,m |F“i (i) 

V 

where Vs is the reaction velocity in the absence of any inhibitor and V is 
the velocity at the concentration, 7, of the inhibitor. K'/, the dissociation 

Table I 

Reversal of Amino Acid Inhibition of Phosphatase Activity 
A rat intestinal phosphatase was mixed with a solution of the amino acid or an 
equivalent amount of distilled water. The initial activities of the phosphatase- 
water and phosphatase-amino acid mixtures were determined and each mixture then 
dialyzed againBt several changes of distilled water. Samples were drawn from 
dialysis bags at the times shown and the activities determined. Test hydrolyses 
were run at 25° with 0.0254 m sodium /3-glycerophosphate, optimal pH, magnesium, 
and glycine concentrations. Corrections made for dilution of contents of dialy¬ 
sis bags. 


Experiment No. 

Duration of 
dialysis 

i 

Activity; P liberated as 
inorganic phosphate per cc. 
per min. in 

Ratio of activity 
of enzyme- 
amino acid mix¬ 
ture to that of 
enzyme-water 
mixture 

Enzyme- 

water 

mixture 

Enzyme- 
amino acid 
mixture 


krs. 

y 

y 

p§r cent 

1. Initial concentration of 0.48 m dl- 

0 

0.92 

0.23 

25 

alanine diluted to 0.12 m in test; 

3i 

0.81 

0.29 

36 

dialysis at room temperature 

24 

0.66 

0.48 

73 

2. Initial concentration of 0.48 m dl- 

0 

0.89 

0.28 

31 

alanine diluted to 0.12 m in test; 
dialysis at ice box temperature 

28 

0.77 

0.64 

83 

3. Initial concentration of 0.021 m l- 

0 

0.76 

0.15 

20 

histidine diluted to 0.0025 m in test; 
dialysis at ice box temperature 

71 

i 

i 

0.67 

1 

0.40 

1 

60 


constant of the assumed enzyme-inhibitor complex, is independent of the 
substrate concentration. The inhibition of intestinal phosphatase by 
glycine is largely, though not entirely, non-competitive in type (2). In the 
range of near maximal or maximal substrate concentrations, 0.0127 to 
0.0254 m sodium /3-glycerophosphate, and at concentrations of glycine 
greater than about 0.03 m, the inhibition is usually over 95 per cent non¬ 
competitive in type. 
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Although it was not feasible to establish, as precisely as had been done 
for glycine, the extent of non-competitive inhibition for each a-amino acid 
and each tissue phosphatase employed, a few experiments indicated that, 
at the higher substrate concentrations used in this study, the inhibition was 
either completely or practically non-competitive and that, therefore, 
Equation 1 might be used to define the extent of such inhibition. It was 
found, for example, that DL-alanine inhibited bone phosphatase entirely in 
a non-competitive manner and that the inhibition of intestinal phosphatase 
activity by DL-alanine, L-glutamic acid, and L-histidine was non-competitive 
at the higher concentrations of substrate, 0.0127 to 0.0254 m sodium /8- 
glycerophosphate. 


Table II 

Inhibitory Effect of Glycine on Activity of Phosphatases 
Reaction velocities determined under optimal conditions and at 0.0127 m sodium 
0-glycerophosphate, except for preparation RIL-d, in which the concentration was 
0.0254 m. Extent of inhibition expressed in accordance with Equation 1 (see the 
text): K'i » I/((Vo/V) — 1). For each K’j value, reaction velocities determined 
at six to nine concentrations of glycine. 


Source 

Preparation 

Dissociation constant, 
K'i 

Intestinal phosphatase, rat. 

a n a 

“ “ human. 

i< u a 

RIK-d 

RIL-d 

MID-d 

it 

mol§ per l. 

0.050 

0.060 

0.075 

0.047 

Bone phosphatase, cat. 

CaBA-d 

0.049 

n it n 

n 

0.035 

“ “ rat. 

RBM-d 

0.039 


The value of K\ was obtained by plotting the relative reaction velocities, 
that is, the velocities expressed as per cent of the velocity in the absence of 
inhibiting amino acid, against the negative logarithms of the concentrations 
of the amino acid. From the curves thus obtained, which were linear in 
form except at the extreme upper and lower limits, K'i was readily deter¬ 
minable, in accordance with Equation 1, as that concentration of amino acid 
which gave a reaction velocity equal to 50 per cent of the velocity in the 
absence of inhibitor. The units of K'i are moles per liter. 

Inhibitory Effects of Glycine and Dir Alanine —It was previously found (2) 
that the value of K'i for the inhibitory action of glycine on a rat bone 
phosphatase, preparation RBM-d, was 0.039. In Table II are shown 
additional determinations of the inhibitory effect of glycine on cat bone 
phosphatase and on human and rat intestinal phosphatases. There was 
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some variation in the values for K' t which may in part have been due to the 
source of glycine, since with the same bone phosphatase, CaBA-d, and with 
the same intestinal phosphatase, MID-d, the Pfanstiehl product gave a 
somewhat lower value than did the Eastman product. There appeared to 
be no significant difference between the values for K't for the intestinal 
preparations and those for the bone preparations. The average value of 
K't for the inhibitory effect of glycine in these seven series of experiments on 
five phosphatase preparations was 0.051 (s.d. = 0.013). 

Table III shows the results* of eight series of experiments on the effects 
of DL-alanine on the activity of cat bone, rat .bone, rat intestinal, human 
intestinal, and rat kidney phosphatases. The values of K't for the bone 

Table III 

Inhibitory Effect on ni,-Alanine on Activity of Phosphatases 
Conditions and calculations as described in Table II. Concentration of sodium 
/3-glycerophosphate 0.0127 m, except where noted. For each K't value, reaction 
yelocities determined at four to seven concentrations of DL-alanine. 


Source 

Preparation 

Dissociation constant. 
*'/ 

Intestinal phosphatase, human. 

MID-d 

l( 

RIL-d 

a 

CaBA-d 

a 

RBM'-d 

RKA-d 

mole per /. 

0.107 

0.096 

0.144* 

0.132 

0.090 

0.124 

0.096* 

0.076* 

it U it 

“ “ rat. 

a a a 

Bone phosphatase, cat. 

tt a a 

“ " rat. 

Kidney phosphatase, rat. 



* Concentration of sodium /3-glycerophosphate 0.0264 m. 


phosphatases did not appear to differ significantly from those for the 
intestinal phosphatases. The average value of K't for the bone and 
intestinal phosphatase inhibition by DL-alanine was 0.113 (s.d. = 0.021). 
The value of K't for one series of experiments on the inhibition of rat 
kidney phosphatase by DL-alanine was 0.076. 

Inhibitory Effects of b-Olutamic Add, b-Lydne, and b-Histidine —In order 
to explore further the inhibitory effects of a-amino acids, it was decided to 
study the dicarboxylic L-glutamic acid and the two basic amino acids, 
L-lysine and L-histidine. Table IV shows, first, that the inhibitory effects 
of L-glutamic acid on rat intestinal phosphatase, of L-lysine on rat bone 
and kidney phosphatases, and of L-histidine on intestinal, bone, and kidney 
phosphatases are of a higher order of magnitude than those of glycine or 
DL-alanine on these enzymes. Secondly, there is a distinct difference 
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between the magnitude of these effects on bone and kidney phosphatases, 
on the one hand, and those on intestinal phosphatase, on the other. Thus, 
the K'i values, 0.030, for the inhibition of three different rat intestinal 
phosphatases by glutamic acid were lower than those, 0.088 to 0.129, for 
rat bone or rat kidney phosphatases. For the inhibition by the two basic 
amino acids, L-lysine and L-liistidine, the situation was reversed, the values 
of K'i being definitely higher for the intestinal preparations than for the 
kidney or bone phosphatases. For example, the values of K' r for the 

Table IV 

Inhibitory Effects of l -Glutamic Add, l- Lysine, and b-Histidine on Activity 

of Phosphatase* 

Conditions and calculations as described in Table II. Concentration of sodium 
0-glycerophosphate 0.0254 m, except where noted. For each K'i value, reaction 
velocities were determined at three to five concentrations of amino acid. Rat 
tissues were used. 


Dissociation constant, K*i 


Source 

Preparation 

j L-Glutaralc 
| acid 

L-Lysine 

L-Histidine 



! mole perl. 

mole per l. 

mole per l. 

Intestinal phosphatase 

RIM-d 

j 0.030 

0.141 

0.0064 


RJK-d 

j 0.030* 




RIO-d 

! 0.030 

0.085 



RTN-d 
! RIL-d 

i 

I 

i 

i 

0,059 

0.0063 
| 0.0060* 

Bone phosphatase 

RBN-d 

| o.ioo ! 

! 0.0105 i 

1 0.0022 


1 RBM'-d 
RBO-d 

j 0.129 

0.0091 1 

! 

1 0.0034 


RBM-d 

! 0.088 ! 

1 

i 

Kidney phosphatase 

RKA-d 

1 0.100 

0.0093 | 

i 0.0028 

i 


* Concentration of sodium ^-glycerophosphate 0.0127 m. 


inhibition of three different rat intestinal preparations by L-lysine were 0.06 
to 0.14, whereas the values for the inhibition of the two bone and one kid¬ 
ney phosphatases were 0.009 to 0.010. Most striking of the inhibitory effects 
obtained were those by L-histidine. The values of K'i for this amino acid 
were 0.006 for rat intestinal phosphatases and 0.002 to 0.003 for bone and 
kidney phosphatases. The differences between the action of L-glutamic 
acid and L-histidine on a rat intestinal phosphatase, RIM-d, and a rat bone 
phosphatase, RBN-d, as well as the magnitudes of these effects, are illus¬ 
trated in Fig. 1, where the relative reaction velocities at the various con¬ 
centrations of the amino acids are shown. 








O. BODANSKT 


471 


Possible Rile of Incidental, Non-Phosphalasic Components on Inhibitory 
Effects of Amino Acids —The possibility existed that the inhibitory effects 
observed might be caused by the presence of traces of heavy metal ions, 
such as mercuric or cupric, in the amino acids. Saturation with hydrogen 
sulfide of solutions of 1.0 m dl- alanine, 1.0 m glycine, 0.23 m L-histidine, or 
0.35 M L-lysine resulted in no or only very faint darkening of the solutions. 
These concentrations of amino acids were much higher than those which 
gave appreciable inhibition. Yet concentrations of 0.00125 m mercuric or 
cupric ions which, as shown previously (3) or in the course of this work, 
inhibited phosphatase activity only about 10 to 20 per cent yielded intensely 



1.0 2.0 3.0 10 2.0 30 

Negative log molar concentration of amino acid 


Fig. 1. Relative activities of bone and intestinal phosphatases in presence of 
varying concentrations of L-histidine and L-glutamie acid. The dissociation con¬ 
stant, K' It of the phosphatase-amino acid complex is equal to 7/((Fo/F) — 1) and 
represents that concentration of amino acid at which 50 per cent inhibition occurs. 

dark suspensions of the metallic sulfides on saturation with hydrogen sulfide. 
Moreover, concentrations of 1.25 X 10“ s m mercuric and cupric ions which 
gave faint but definite darkening on saturation with hydrogen sulfide 
exerted no inhibitory effect on phosphatase activity. There was therefore 
little likelihood that at the concentrations of amino acids at which inhibi¬ 
tion occurred enough mercuric or cupric ion was present to account for any 
portion of this inhibition. 

The possibility also existed that the extent of inhibition was influenced 
by the presence of substances in the phosphatase preparations other than 
the active phosphatasic components. It might be conceived, for example, 
that intestinal phosphatase was not inhibited by L-lysine to the same extent 
as bone or kidney phosphatase because there was some protein or other 
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component in the intestinal phosphatase preparation which interacted 
with this amino acid and thus reduced the amount available for interaction 
with the active enzyme. Although rigorous exclusion of this possibility 
can only be achieved by isolating each tissue phosphatase in pure form, 
indirect methods may be used to determine whether non-phosphatasic 
substances present in these tissue extracts are responsible to any significant 
degree for the characteristic inhibition of the various tissue phosphatases. 
These methods are similar to those previously employed (3) to show that 

Table V 

Effect of Adding Heat-Inactivated Tissue Phosphatase Preparation on Inhibition of 
Phosphatase Activity by l -Lysine 

Tissue phosphatase preparations were heated to 70° for 1 hour to destroy enzyme 
activity and then added to the active phosphatase preparation as shown in the table. 
Concentration of L-lysine in final hydrolysis mixture 0.0123 m for RIN-d and RBN-d, 
0.0183 m for RIM-d, and 0.0108 m for RKA-d. Concentration of sodium 0-glycero¬ 
phosphate, 0.0254 m, and other conditions optimal, as described in the text. 






Reaction velocity 





As P liberated as 



Source 

Active phosphatase 

Inactivated phosphatase 

inorganic phos¬ 
phate per cc. per 
min. 

As fraction 
of uninhib¬ 
ited veloc¬ 
ity 





No 

lysine 

Lysine 

present 





7 

7 

per cent 

Intestinal preparation, 

12.5% ItIN-d 

None 

1.35 

1.02 

76 

active 


12.5% “ 

12.5% RBN-d 

1.19 

0.95 

80 



12.6% RIM-d 

None 

0.82 

0.70 

85 



12.5% “ 

12.5% RBN-d 

0.80 

0.64 

80 

Bone 

preparation, 

12.5% RBN-d 

None 

0.90 

0.42 

47 

active 


12.5% “ 

12.5% RIN-d 

0.91 

0.43 

47 

Kidney 

preparation, 

12.5% RKA-d 

None 

1.42 

0.84* 

59 

active 


12.5% 

12.5% RIO-d 

1.44 

0.81 

56 


* Extrapolated from inhibition curve of rat kidney preparation. 


the inhibition of bone and kidney phosphatases by bile acids and the lack 
of inhibition of intestinal phosphatase were not dependent on the presence of 
non-phosphatasic components in these preparations. 

Table V shows that 0.0123 m L-lysine reduced the activity of rat in¬ 
testinal phosphatase, RIN-d, to essentially the same extent, about 80 per 
cent of the uninhibited velocity, whether heat-inactivated rat bone phos¬ 
phatase was present or absent. On the other hand, this concentration of 
L-lysine reduced rat bone or rat kidney phosphatase much more markedly, 
to about 60 per cent of the uninhibited velocity, and this degree of inhibit 
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tion was not affected by the presence of heat-inactivated intestinal phos¬ 
phatase. 

If non-phosphatasic components do not appreciably influence the inhibi¬ 
tion, then a mixture of two phosphatases, each of which is inhibited to a 
characteristic degree by a given amino acid, should be inhibited to an extent 
which is the mathematical resultant of each of these inhibitions. Three 
such experiments are shown in Table VI. To illustrate, the reaction 
velocities of a 12.5 per cent concentration of rat intestinal phosphatase, 
RIN-d, as may be seen from Table V, were 1.35 y of P per cc. per minute 
without inhibitor and 1.02 y of P per cc. per minute in the presence of 0.0123 
m L-lysine. The corresponding values for a 12.5 per cent concentration of 
rat bone phosphatase, RBN-d, were 0.90 y and 0.42 y of P per cc. per minute, 

Table VI 

Inhibitory Effect of h-Lysine on Activity of Mixtures of Different Tissue Phosphatases 

Activities determined under optimal conditions as described in the text. Concen¬ 
tration of sodium ^-glycerophosphate 0.0254 m. Calculations of expected velocities 
described in the text. 




Reaction velocity as P 
liberated per cc. per min. 

As fraction of 
uninhibited 
velocity 

Composition of mixtures 

Concen¬ 
tration of 
L-lysine 

In absence of 
lysine 

In presence of| 
lysine 



Calcu¬ 

lated 

Ob¬ 

served 

Calcu¬ 

lated 

Ob¬ 

served 

Calcu¬ 

lated 

Ob¬ 

served 


M 

y 

y 

y 

y 

per cent 

Per cent 

12.5% RIN-d + 12.5% RBN-d. 

0.0123 

2.25 

2.02 

1.44 

1.33 

65 

66 

6.25% RIM-d + 6.25% RBN-d. 

0.0083 

0.86 

0.81 

0.64 

0.57 

74 

70 

6.25% RIO-d + 6.25% RKA-d. 

0.0108 

1.20 

1.07 

0.57 

0.73 

72 

68 


respectively. The calculated reaction velocities of a mixture containing 12.5 
per cent of each of these phosphatases were 1.35 + 0.90 or 2.25 y of P per cc. 
per minute in the absence of inhibitor and 1.02 + 0.42 or 1.44 y of P per cc. 
per minute in the presence of 0.0123 m L-lysine, or 65 per cent of the calculated 
uninhibited reaction velocity. The reaction velocities observed for the mix¬ 
ture were 2.02 y of P per cc. per minute in the absence of, and 1.33 y of P per 
cc. per minute, or 66 per cent of the uninhibited observed value, in the presence 
of L-lysine. In this instance, as in the others shown in Table VI, there was 
fairly good agreement, within experimental error, between the observed 
reaction velocities of the phosphatase mixtures and the velocities calculated 
on the basis that L-lysine exerted its characteristic inhibitory effect on each 
of the active phosphatase components and that this effect was not signifi¬ 
cantly influenced by the presence of non-phosphatasic components. 
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DISCUSSION 

The present investigation has shown that a number of a-amino acids 
inhibit bone, kidney, and intestinal phosphatases. There is evidence to 
indicate that inhibition of enzyme activity by a-amino acids may be a more 
general phenomenon. Abderhalden, Rindtorff, and Schmitz (7) noted that 
a-amino acids inhibited tryptic and ereptic activity, although this observa¬ 
tion may, of course, be explained in terms of the retardant effect which 
reactant products generally exert. However, Edlbacher and Zeller (8) 
found that glycine, alanine, and lysine inhibited arginase activity and 
Girsavicius, Efendi, and Ryzhowa (9) reported that the enzymic conver¬ 
sion of methylglyoxal to lactic acid was inhibited by concentrations of ap¬ 
proximately 0.02 m tryptophan, glutamic acid, aspartic acid, arginine, and 
histidine, but that similar concentrations of glycine, alanine, and leucine 
were without effect. More recently, Hunter and Downs (10) found that 
the action of arginase upon arginine at pH 8.4 was inhibited by all a-amino 
acids of the naturally occurring l configuration, but not by D-a-amino 
acids, amino acids having the amino group in other than the a position, 
urea, or native protein. 

In studying the mechanism of the inhibition of bone and intestinal 
phosphatases by glycine, Bodansky (2) observed that the inhibition was 
dependent on the presence of the free carboxyl and amino groups of glycine. 
Glycine ethyl ester inhibited about only half as much as glycine, and mono¬ 
methyl- and dimethylglycine had still less inhibitory effect. These findings 
as well as those reported in the present paper indicate an interaction 
between the amino acid and the presumably protein phosphatase. Al¬ 
though it is known that proteins as well as a-amino acids may interact with 
each other (11, 12)*, and although it is possible that amino acids may 
interact with some essential metallic component of the enzyme protein, 
there appears to be no study in the literature of the interaction of a pro¬ 
tein with an amino acid which would serve to describe the nature of the 
interactions between phosphatase and the amino acids which result in 
inhibition. 

The observations reported in the present work raise the possibility that 
the stream of protein metabolism, either normal or deranged, may affect the 
enzymic activities of the organism in vivo. There are, however, at present 
practically no data to support or deny this possibility. A. Bodansky (13) 
observed that, in contrast to the rise in the activity of serum phosphatase 
after ingestion of carbohydrate in dogs, there was a decrease after the in¬ 
gestion of protein (meat). A number of workers (14-16) have reported 
that additions of large amounts of various a-amino acids to the diet pro¬ 
duced toxic effects in the rat, but no relationship of such effects to inhibition 
of enzyme activity has been adduced or even suggested. 



O. BOnAKSKT 


478 


Of interest is the finding that, although glycine and on-alanine inhibit 
rat bone and intestinal phosphatases to about the same extent, the base 
amino acids, L-histidine and L-lysire, exert a greater inhibitory effect on rat 
bone phosphatase than on intestinal phosphatase, whereas the reverse holds 
for the dicarboxylic acid, L-glutamic acid. Whether this relationship with 
basic and acidic amino acids is more generally applicable to phosphatase 
remains to be determined. It may also be noted that in the series of experi¬ 
ments here reported with one rat kidney phosphatase preparation the 
degree of inhibition obtained -with the various a-amino acids resembled 
the degrees of inhibition of bone phosphatase more closely than those of in¬ 
testinal phosphatase. It was previously reported (3) that the inhibitions 
of bone and kidney phosphatases by 0.006 m bile acids were of the same 
order of magnitude, whereas intestinal phosphatases were not inhibited 
by bile acids. 

The results of Hunter and Downs (10) on the inhibition of arginase 
activity by various amino acids may be examined with respect to those 
amino acids which were also used in our investigation. At the highest 
concentration, 0.089 m, of the substrate arginine, 50 per cent inhibition was 
produced by 0.060 m L-lysine. Glycine proved to be one of the poorest 
inhibitors; at an arginine concentration of 0.0223 m, as much as 5.0 M 
glycine was necessary to produce an inhibition of 50 per cent. L-Histidine 
which was found in the present investigation to be a very potent inhibitor 
of bone, kidney, and intestinal phosphatases was a very poor inhibitor of 
arginase activity. In contrast to the concentrations of 0.002 to 0.003 M 
which produce a 50 per cent inhibition of bone and kidney phosphatases, 
Hunter and Downs’ results show that a concentration of 3.8 M L-histidine 
was necessary to produce this degree of inhibition of arginase activity. 

SUMMARY 

1. The inhibitory effects of DL-alanine, L-lysine, L-glutamic acid, and 
L-histidine on rat bone, kidney, and intestinal phosphatases have been 
investigated and have been evaluated in terms of the dissociation constants 
of the assumed, dissociable amino acid-phosphatase complexes. The 
inhibitory effects of L-histidine were particularly marked; an inhibition of 
50 per cent was produced by 0.006 m of this acid on rat intestinal phos¬ 
phatase and by 0.002 to 0.003 m on rat bone and kidney phosphatases. 

2. The inhibition of phosphatase by a-amino acids, as illustrated in the 
instances of DL-alanine and L-lysine, may be largely reversed through dialy¬ 
sis, 

3. The basic amino acids, L-histidine and L-lysine, exerted a greater 
inhibitory effect on rat bone and kidney phosphatases than on intestinal 
phosphatase, whereas the reverse held for the dicarboxylic L-glutamic add. 
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4. It was shown that, as illustrated in the instance of irlysine, the 
characteristic inhibitions of the various tissue phosphatases were not due 
or influenced by the presence of non-phosphatasic components present 
these enzyme preparations. 
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DIMETHYLTHETIN AS A BIOLOGICAL METHYL DONOR* 


By VINCENT du VIGNEAUD, A. W. MOYER, and 
JOSEPH P. CHANDLER 

0 From the Department of Biochemistry , Cornell University Medical College, 

New York City ) 

(Received for publication, March 9, 1948) 

In our earlier work (1) on a study of the ability of choline and betaine to 
support the growth of young rats on a homocystine-containing, methionine- 
free diet, we began to investigate the specificity of choline and betaine with 
respect to this ability. The promotion of growth under these conditions 
was interpreted as indicating a synthesis of methionine from homocystine 
by an actual transfer of the methyl group, an interpretation borne out by 
tracing the methyl group with deuterium (2). 

* By the growth criterion the methyl-donating ability of systematically 
varied groups of compounds structurally related to choline was studied (3). 
Analogues of choline were tested in which one or two of the N-methyl groups 
had been substituted by N-ethyl groups. Other analogues were used in 
which various substitutions had been made in the ethanol moiety. The ar¬ 
senic analogue of choline was also tested as well as various betaines and 
related compounds. The high degree of specificity with regard to structure 
in relation to the ability to act as a methyl donor in this connection was 
shown by the fact that, of the many compounds tested, only choline (and 
simple derivatives such as lecithin and phosphoryleholine), betaine, and 
dimethylethylhydroxyethylammonium chloride were found to support 
growth under these conditions (3). 

Of particular interest was the finding that arsenocholine, although ca¬ 
pable of preventing perosis in the chick (4) and hemorrhagic kidney (5) and 
fatty infiltration of the liver in the rat (6), was incapable of supporting 
growth of the white rat on the methionine-free, homocystine-containing 
diet (6,3). Evidently the methyl groups of arsenocholine either were not 
labile or were not being transferred at a rate fast enough to form methionine 
in sufficient amounts to support growth. 

In a continuation of these investigations we extended the work to the 
sulfur analogue of betaine referred to in the literature as sulfobetaine or di- 

* The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a grant-in-aid which has helped to make 
this work possible. 
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methylthetin. The first test of this compound 1 as a source of labile methyl 
groups involved a diet containing a hydriodic acid hydrolysate of casein (3) 
as a source of an amino acid mixture deficient in methionine. The positive 
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S+—CH,—c 

/ \ 
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results we obtained were announced in a Harvey lecture (7) on transmethyl¬ 
ation. 2 

More recently we have tested dimethylthetin as a source of labile methyl 
groups in growth experiments with white rats on a mixture of the various 
amino acids which did not contain methionine but to which homocystine 
had been added. The experimental procedures used and the results ob¬ 
tained from these latter experiments are reported in this communication. 

The animals which received the basal diet without added supplement of 
a methyl donor did not grow and in several instances died before the experi¬ 
ment was terminated. However, when either choline or betaine was added 
to the diet growth ensued. The rats which received dimethylthetin grew 
at a rate comparable to those receiving the choline or betaine. It is there¬ 
fore concluded that this methylsulfonium compound, like the latter com¬ 
pounds, can provide a source of biologically labile methyl groups. The bio¬ 
logical and chemical implications of this are being investigated. 

EXPERIMENTAL 

Dimethylthetin chloride was prepared by treating chloroacetic acid with 
dimethyl sulfide according to the method used by Brown and Letts (9) in 
the preparation of dimethylthetin bromide. The analytical data and the 
properties of the compound agreed with those recorded in the literature. 

Male white rats weighing about 100 gm. were allowed to grow for several 
days on Diet I which had the following percentage composition: amino acid 
mixture 21.3 (10), cystine 0.4, Osborne and Mendel salt mixture (11) 4.0, 
sucrose 53.3, hydrogenated vegetable oil 19.0, com oil 1.0, and DL-methio- 

1 A part of the dimethylthetin used in this test was placed at our disposal through 
the generosity of Dr. A. D. Welch, who had earlier found that this compound pos¬ 
sessed both antihemorrhagic and lipotropic activities to which we referred in a pre¬ 
vious communication (3). 

* As this manuscript was in the last stages of completion, the report of Dubnoff 
and Borsook (8) confirming that dimethylthetin can function as a methyl donor came 
to hand. Through in vitro studies with a liver homogenate they found that this 
sulfonium compound was a highly efficient methylating agent in the conversion of 
homocysteine to methionine. 
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nine 1.0. The fat-soluble vitamins were dissolved in the com oil and sup¬ 
plied in the following quantities for each kilo of diet: vitamin A 7200 units, 
vitamin D 1200 units, menadione 1.0 mg., and a-tocopherol acetate 40 mg. 
The water-soluble vitamins were present in the diet in the following amounts 
for each kilo of diet: thiamine chloride, riboflavin, pyridoxine hydrochloride, 
nicotinic acid, and p-aminobenzoic acid 10.0 mg. each, calcium pantothenate 
60 mg., inositol 100 mg., pteroylglutamic acid (Folvite) 1.0 mg., and biotin 
0.1 mg. The rats were then placed on Diet II, which was identical with 


Table I 


Food Consumption and Growth Changes 


Group 

No. 

Rat No. 

Diet No. and supplement 

Days on diet 

Average 
daily food 
consumption 

Starting 
and final 
weights 

Average 
daily weight 
change 

I 

2963 

II 

19 

gm. 

7.3 

fM. 

94-80 

gm. 

-0.7 


2964 

tt 

7 

3.9 

92-88 

—0.6 


2966 

u 

6 

5.7 

130-121 

-1.5 


2967 


3 

2.3 

141-133 

-2.7 


2970 

" 4 choline 

17 

11.8 

89-179 

45.3 


2961 

“ 4 dimethylthetin 

20 

6.8 

86-128 

42.1 


2965 

“ 4 

20 

9.4 

127-204 

43.8 

II 

2973 


27 

6.9 

130-134 

40.1 


2976 

it 

27 

6.6 

115-114 

0.0 


2978 

u 

27 

5.7 

135-109 

-0.9 


2979 

" 4 choline 

28 

10.2 

121-205 

43.0 


2984 

u u 

28 

10.9 

103-180 

42.7 


2971 

“ 4 betaine 

28 

6.0 

90-124 

41.2 


2975 


28 

12.0 

132-208 

42.7 


2980 

it tt 

28 

10.6 

143-220 

42.7 


2972 

“ 4 dimethylthetin j 

28 

9.3 

125-174 

41.8 


2974 

tt tt 

27 

6.9 

110-123 

40.5 


2977 

a tt 

28 

12.5 

135-184 

41.8 


Diet I, except that DL-homocystine (0.87 per cent) replaced the DL-methio- 
nine. The methyl compound to be tested was added to Diet II by substi¬ 
tution for an equal weight of sucrose. The first group of rats (Nos. 2961, 
2963 to 2967, 2970) was placed on the homocystine diet (Diet II) without 
supplementation for 7 days, after which they were fed the supplements 
indicated in Table I. The second group of rats (Nos. 2971 to 2980, 2984) 
was transferred directly from Diet I to the diets indicated in Table I. The 
growth rate and food consumption data are given in Table I. The supple¬ 
ments were added to the diet in the following amounts: choline chloride 0.5, 
betaine chloride 0.55, and dimethylthetin chloride 0.84 per cent. 
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SUMMARY 

Dimethylthetin plus homocystine have been shown to be able to replace 
methionine in the diet of the white rat. The resulting growth was com¬ 
parable to that obtained with choline, or betaine, plus homocystine. It has 
therefore been concluded that this sulfonium compound, like choline and 
betaine, can serve as a source of labile methyl groups in the diet. 

BIBLIOQBAPHT 

1. du Vigneaud, V., Chandler, J. P., Moyer, A. W., and Keppel, D. M., Proc. Am. 

Soc. Biol. Chem., J. Biol. Chem., 128, p. cviii (1939); J. Biol. Chem., 131, 57 
(1939). 

2. Simmonds, S., Cohn, M., Chandler, J. P., and du Vigneaud, V., J. Biol. Chem., 

149, 519 (1943). 

3. Moyer, A. W., and du Vigneaud, V., J. Biol. Chem., 143, 373 (1942). 

4. Jukes, T. H., J. Nutr., 20, 445 (1940). 

5. Welch, A. D., and Landau, R. L., J. Biol. Chem., 144, 581 (1942). 

6. Welch, A. D., Proc. Soc. Exp. Biol, and Med., 35, 107 (1936); J. Biol.Chem., 137, 

173 (1941). 

7. du Vigneaud, V., Harvey Lectures , 38, 39 (1942-43). 

8. Dubnoff, J. W., and Borsook, H., Federation Proc., 7, 152 (1948). 

9. Brown, C., and Letts, E. A., Ber. chem. Ges 7, 695 (1874). 

10. du Vigneaud, V., Kilmer, G. W., Rachele, J. R., and Cohn, M., J. Biol . Chem., 

156,645 (1944). 

11. Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 37,572 (1019). 



INTERACTION BETWEEN TOBACCO MOSAIC VIRUS AND 
BOVINE SERUM ALBUMIN* 

By MAX A. LAUFFER 

(From the Department of Phytict ,f University of Pittsburgh, Pittsburgh) 
(Received for publication, February 12,1948) 

During the initial phase of a §tudy of the rate of sedimentation of tobacco 
mosaic virus in bovine serum albumin solutions, carried out because of 
the potential importance of results obtained by Sharp et al. (1) with in¬ 
fluenza virus, it was observed that tobacco mosaic virus was precipitated 
from its solution in 0.1 u phosphate buffer at pH 7 when solid serum albu¬ 
min was added. Upon further examination, it was found that the virus 
would remain in solution after the addition of serum albumin if the pH was 
about 4.5 or 4.7. At pH 4.5, tobacco mosaic virus is negatively charged 
and serum albumin is positively charged, while above about pH 4.8 both 
are negatively charged. 

Because of this observation, the author thought it worth while to study 
the interaction between tobacco mosaic virus and bovine serum albumin 
in greater detail. In a preliminary communication (2), it was reported 
that tobacco mosaic virus was precipitated in crystalline form by serum 
albumin under conditions of like charge, either positive or negative, ex¬ 
cept when the ionic strength of the ordinary electrolytes also present was 
too low. It was also reported that under conditions of opposite charge a 
precipitate was formed at very low values of the ionic strength of the or¬ 
dinary electrolytes. This latter behavior was regarded as being consistent 
with the results obtained by Kleczkowski (3) in his studies on the mutual 
precipitation of tobacco mosaic virus and various proteins under condi¬ 
tions of opposite charge. 

The present communication consists of a detailed report of the studies 
on the interaction between bovine serum albumin and tobacco mosaic 
virus, with particular emphasis upon the precipitation of the virus under 
conditions of like charge. 

Materials and Method# 

The virus preparation used in this study was obtained by the method 
of differential centrifugation from the juice of Turkish tobacco plants 

* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
Presented at the meeting of American Society of Biological Chemists, Chicago, May 
18-22, 1947. 

f Contribution No. p2-48 from the Department of Physics of the University of 
Pittsburgh. 

1 The author wishes to acknowledge the technical as sistan c e of Miss Harriet L. 
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diseased with the Rockefeller Institute strain of tobacco mosaic. The 
final product contained 21 mg. per cc. of virus and 1 part per 100,000 
of phenyl mercuric nitrate in a phosphate buffer at pH 7. The bovine 
serum albumin was obtained from Armour and Company. 

A series of stock buffers of 0.2 ionic strength was prepared as follows: 
for pH values between 2.0 and 4.0, chloroacetic acid and sodium hydroxide 
were used; for pH values between 4 and 6, sodium acetate and acetic acid 
were used; for pH values between 7 and 8.5, sodium hydrogen phosphate 
and sodium dihydrogen phosphate were used; and for pH values between 
about 9 and 10, borax and either hydrochloric acid or sodium hydroxide 
were used. 

Measurements of pH on the buffers and on the serum albumin-virus 
systems were made with a Beckman pH meter. Potassium acid phthalate 
at a concentration of 0.05 m, which has a pH of 4.000, was used as a refer¬ 
ence. Nitrogen analyses were made by a colorimetric modification of the 
Kjeldahl method, as described by Miller (4). 

Results 

A series of virus-serum albumin systems was set up in which an attempt 
was made to maintain all variables constant except pH. Each was con¬ 
tained within a 15 cc. glass centrifuge tube and was composed of 0.5 cc. 
of stock buffer, 0.05 gm. of serum albumin, 0.15 cc. of stock vims solution, 
and 0.3 cc. of water. Thus, the serum albumin and the virus concentra¬ 
tions were approximately 5 and 0.3 per cent by weight, respectively, while 
the ionic strength was essentially constant with an approximate value of 
0.1. The results obtained are shown in Table I. Because precipitation 
was apparently very slow in some systems and apparently very rapid in 
others, it was relatively difficult to find a wholly objective means of evaluat¬ 
ing the solubility of tobacco mosaic virus in serum albumin solutions. 
It was decided to compare the systems after a constant arbitrary period 
of time, namely 24 hours. The results in Table I indicate that, except 
for pH values between about 4 and 5, tobacco mosaic vims was insoluble 
in 5 per cent serum albumin solutions with ionic strength of 0.1. The 
turbidities obtained at pH 3,6 and 4 are not necessarily indications of 
interaction between serum albumin and tobacco mosaic virus, because the 
virus is insoluble at these pH values even in the absence of serum albumin 
(5). However, at pH values approximating 2.6, the vims is soluble in 
aqueous media with very low ionic strength. Accordingly, an experiment 

C&rnelly and Miss Martha M. Raup. The author is indebted to Dr. Marie Fischer 
for the preparation of the virus. 
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was carried out at about pH 2.6 in a chloroacetic acid buffer with an ionic 
strength of 0.02. The same virus concentration was used as in the pre¬ 
ceding experiment, but the serum albumin concentration was varied. 
The results are listed in Table II. It was found that 1 per cent serum 
albumin caused no immediate effect, but upon standing 24 hours, a small 
amount of precipitate was formed. With 3 per cent and more of serum 
albumin, apparently complete precipitation of the virus took place. In 
order to carry out this experiment and maintain the pH essentially con- 


Table I 


Solubility of Tobacco Mosaic Virus in 6 Per Cent Serum Albumin Solutions at 
Ionic Strength of 0.1 and at Various pH Values 


Buffer 

pH of 
buffer 

pH of 
serum 
albumin 
and virus 
in buffer 

Appearance 

immediately 

Appearance after 24 hrs. 

# Chloroacetate 

2.02 


Turbid 

Gel 

u 

2.95 

3.62 

tt 

Turbid 

Acetate 

3.92 

4.02 

it 

tt 


4.20 

4.37 

Clear 

Clear 

tt 

4.40 

4.58 

tt 

tt 


4.60 

4.78 

t 

11 

tt 

4.80 

4.92 

tt 

tt 

tt 

4.95 


tt 

Turbid (thixotropic) 

tt 

5.01 

5.15 

Turbid 

tt tt 

tt 

5.21 

5.31 

tt 

Ppt. 

tt 

5.41 


tt 

tt 

tt 

5.65 


tt 

tt 

tt 

5.81 


tt 

tt 

Phosphate 

5.93 


tt 

u 

tt 

6.97 


tt 

n 

tt 

7.93 


tt 

tt 

tt 

8.89 


n 

tt 

Borate 

10.35 

1 ! 

—A— 

tt 

tt 


stant, it was necessary to titrate the serum albumin to pH 2.6 before mixing 
it with the virus and buffer. Thus, it can be seen that tobacco mosaic 
virus could be precipitated from solution by serum albumin when the pH 
was either alkaline to the isoelectric points of both virus and serum albumin 
or acidic to the isoelectric points of both. However, in media with ionic 
strength of 0.1, no precipitation not attributable to the normal insolubility 
of tobacco mosaic virus was observed when the pH was intermediate be¬ 
tween the pH values of the isoelectric points of virus and serum albumin. 

Additional experiments, similar to those at pH 2.6, were carried out at 
pH 4.4, 5.2, and 5.8. In each, pH, ionic strength, and virus concentre- 
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tion were maintained constant, but serum albumin concentration was 
varied. The results are also shown in Table II. At pH 4.4, when the 
ionic strength was held at the value of 0.1, there was no precipitation even 
when the Berum albumin concentration reached 35 per cent. At pH 5.2 
and ionic strength 0.1, precipitation within a 24 hour period occurred with 
3 per cent but not with 2 per cent serum albumin. At pH 5.8 and the 
same ionic strength, evidence of precipitation at the end of 24 hours was 
obtained with 2 per cent serum albumin. 

Tobacco mosaic virus concentration and pH were kept essentially con- 

Tablb II 


Effect of Varying Serum Albumin Concentration on Solubility of Tobacco Mosaic 
Virus under Various Conditions 


pH of 
buffer 

pH of 
albumin 
and virus 
in buffer 

Ionic 

strength 

Serum 

albumin 

concen¬ 

tration 

Appearance immediately 

Appearance after 24 hrs. 

2.41 

2.63 

0.02 

per cent 

1 

Clear 

Slight ppt. 

2.41 

2.59 

0.02 

2 

Turbid 

Moderate ppt. 

2.41 

2.58 

0.02 

3 

(i 

Full ppt. 

2.41 

2.58 

0.02 

4 

« 

<4 << 

4.42 


0.1 

10 

Clear 

Clear 

4.42 


0.1 

15 

« 

a 

4.42 

* 

0.1 

25 

Slightly turbid 

Slightly turbid 

4.42 


0.1 

35 

Turbid 

Clear 

5.21 


0.1 

1 

Clear 

tt 

5.21 


0.1 

2 

u 

it 

5.21 


0.1 

3 

It 

Turbid 

5.21 


0.1 

4 

Slightly turbid 

Slight ppt. 

5.81 


0.1 

1 

Clear 

Clear 

5.81 


0.1 

2 

(i 

Turbid 

5.81 


0.1 

3 

Turbid 

Ppt. 

5.81 


0.1 

4 

it 

<1 


stant, but serum albumin concentration and ionic strength were both varied 
in a third group of experiments. The virus concentration was 0.3 per 
cent. Sufficient acetate buffer at pH 5.2 was added to each system to make 
the ionic strength 0.02. Sodium chloride was added in varying amounts 
to increase the ionic strength in each of the systems. Serum albumin 
concentrations of 1, 2, 3, and 4 per cent were used. The results are pre¬ 
sented in Table III. It was found that the electrolyte concentration just 
sufficient to cause essentially complete precipitation in 24 hours varied 
with the serum albumin concentration. When the serum albumin con¬ 
centration was multiplied by the critical ionic strength, an essentially 
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m 


constant value was obtained for the lower albumin concentrations. Hus 
indicated that, as a first approximation, the solubility of tobacco mosaic 
virus in serum albumin was approximately proportional to the product of 
the ionic strength and the serum albumin concentration. 

An experiment was carried out at pH 4.4 to determine whether or not 
electrolytes affected the solubility of tobacco mosaic virus in serum albumin 
in the region of opposite charge. The virus was dialysed until its elec¬ 
trolyte concentration was very low. Then a solution containing approxi¬ 
mately 3 mg. of virus and 30 mg. of serum albumin in a total of 1 gm. was 


Table III 

Effect at Various Serum Albumin Concentrations of Varying Ionic Strength When pH 
and Virus Concentrations Are Held Constant 


Serum 

albumin 

concen¬ 

tration 

Molality 
of NaCl 

Ionic 

strength 

Appearance 

immediately 

Appearance After 24 hrs. 

• per cent 

1 

0.18 

0.20 

Clear 

Very slight ppt. 

1 

0.20 

0.22 

ti 

Slight ppt. 

1 

0.23 

0.25 

it 

Ppt. 

1 

0.28 

0.30 

it 

it 

2 

0.080 

0.100 

U 

Clear 

2 | 

0.088 

0.108 


Very slight ppt. 

2 

0.098 

0.118 

“ 

Slight ppt. 

2 

0.110 

0.130 


Ppt. 

3 

0.046 

0.066 


Slight ppt. 

3 

0.050 

0.070 

l 

Ppt. 

3 

0.054 

0.074 

1 “ 

a 

3 

0.060 

0.080 


u 

4 

0.032 

0.052 

it 

tt 

4 

0.036 

0.056 

it 

it 


prepared by mixing the proteins and titrating with dilute hydrochloric 
acid until the pH was equal to 4.42. This solution was quite turbid, in¬ 
dicating that, at pH 4.42 in the absence of appreciable amounts of elec¬ 
trolytes, virus is not soluble in a serum albumin solution. Sodium chloride 
was added to the virus in small amounts until the turbidity disappeared. 
The ionic strength of the final solution was approximately 0.22. Thus, 
it appeared that a moderate amount of electrolyte was necessary in order 
to permit the virus to be soluble in serum albumin at a pH value inter¬ 
mediate between the two isoelectric points. This result is in general agree¬ 
ment with that obtained by Kleczkowski (3). 

In order to determine the composition of the precipitate obtained in 
media alkaline to both isoelectric points, two samples, each containing 
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approximately 0.02 m acetate buffer at pH 5.2, 3.5 per cent NaCl, 0.5 
per cent serum albumin, and 1.0 per cent tobacco mosaic virus, were pre¬ 
pared. In order to insure accuracy, all components were weighed. A 
precipitate was formed in each, and the supernatant fluid was optically 
clear in each. Since tobacco mosaic virus solutions are opalescent, this 
indicates that most of the virus precipitated. Infectivity analyses were 
carried out by the half leaf method with 64 Nicotiana glutinosa leaves per 
test on the redissolved precipitates and the supernatant liquids. The 
precipitates were first dissolved in sufficient liquid to make the volumes 
the same as the supernatant fluids. It was found in both of the duplicate 
experiments that the average number of lesions per half leaf produced by 
the reconstituted precipitate at a dilution of 10~ 4 was almost identical 
with the average number produced by the supernatant fluid at a dilution 
of 10~ 2 . This shows that about 1 per cent of the infectivity remained in 
the supernatant fluid and about 99 per cent was found in the precipitate. 
Eight nitrogen analyses were made on the supernatant fluids of the two 
samples. Recoveries of 93> 90, 98, 100, 101, 102, 98, and 104 per cent of 
the serum albumin nitrogen were obtained. The average of the recoveries 
was 98 per cent. These results show that the precipitates formed in a 
medium alkaline to both isoelectric points consisted largely if not entirely 
of tobacco mosaic virus and contained little if any serum albumin. 
Kleczkowski (3).found that precipitates obtained with tobacco mosaic 
virus interacting with various proteins of opposite charge contained both 
virus and the oppositely charged proteins. 

The virus separated from serum albumin solutions of like charge in a 
state highly suggestive of the mesomorphic fibers described by Best (6). 
When ammonium sulfate was added to the fibers, they were seen to shrink 
laterally and break up into small segments indistinguishable from the 
crystals originally described by Stanley (7). The mesomorphic fibers of 
Best behaved in a similar manner (6). 

An electrophoresis experiment was carried out on a solution containing 
3 per cent serum albumin and 0.3 per cent virus at pH 5.1 and ionic strength 
0.02. At the low ionic strength, the virus was still in solution. Two 
boundary diagrams were obtained, one of greater area, which moved at a 
very slow rate, and another of approximately 10 per cent of that area, which 
moved more rapidly. The latter was probably virus. The indication is, 
at least as a first approximation, that the virus and the serum albumin 
migrate independently in an electric field when the composition of the 
solvent is such as to allow the virus to remain soluble. The sedimentation 
experiments of Schachman and Lauffer 2 indicate that serum albumin and 

* Schachman, H. K., and Lauffer, M. A., in press. 
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the virus are capable of independent sedimentation at a pH value of about 
4.7. 


DISCUSSION 

The results of the current investigation lead to the conclusion that, when 
serum albumin is added, tobacco mosaic virus can be separated from solu¬ 
tion in the form of mesomorphic fibers similar to those observed by Best, 
if the virus and the albumin particles possess the same type of net electric 
charge. These mesomorphic fibers have been shown by Best to be closely 
related to the crystals obtained by Stanley by precipitation of tobacco 
mosaic virus by ammonium sulfate. 

In some ways this precipitation resembles the crystallization of tobacco 
mosaic and other viruses by means of high molecular weight hydrophilic 
colloids. Cohen (8) observed that heparin, hyaluronic acid and related 
compounds, starch, and even gelatin were capable of causing viruses to 
crystallize. His studies were carried out at pH values alkaline to the iso¬ 
electric point of tobacco mosaic virus, and all of the hydrophilic colloids 
used were negatively charged particles. 

In the present study, it was shown, first, that tobacco mosaic virus can 
be crystallized from serum albumin solutions when the charge on the al¬ 
bumin is the same as the charge on the virus particle, second, that the 
amount of serum albumin needed to precipitate the virus under such cir¬ 
cumstances is, as a first approximation, inversely proportional to the elec¬ 
trolyte concentration, and third, that the amount of serum albumin needed 
to precipitate the virus is, at least at pH 5.2 and 5.8, less when the net 
charges on both virus and serum albumin are greater. There are forces 
of repulsion between serum albumin particles and virus particles when they 
have the same electric charge. The serum albumin apparently has greater 
chemical affinity for water than the virus has. If the repulsion of the 
serum albumin particles for a virus particle is greater than the repulsion of 
other virus particles for the same virus particle, the virus should go out of 
solution and precipitate, possibly in crystalline form. 

When the virus and the serum albumin are of opposite charge, the situa¬ 
tion is somewhat different. In this case, there is an attraction jietween 
the serum albumin and the virus particles. When the ionic strength is 
low, this attractive force is sufficiently great to cause a precipitate to be 
formed. The analyses of Kleczkowski show that such precipitates con¬ 
tain both the virus and the oppositely charged protein. When the ionic 
strength is increased, the attractive force is decreased, or the salt linkage 
is weakened, and the virus and the oppositely charged protein dissolve. 
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SUMMARY 

1. Tobacco mosaic virus can be separated from solution in the form of 
mesomorphic fibers by the addition of purified serum albumin, when the 
pH of the medium is such that both have negative charges. 

2. The amount of serum albumin required to crystallize the virus de¬ 
pends upon the ionic strength. At pH 5.2, the product of the ionic strength 
and the serum albumin concentration required just to precipitate the virus 
is approximately a constant. 

3. At constant ionic strength, the amount of serum albumin required 
to precipitate the virus is greater at pH 5.2 than at pH 5.8. 

4. The mesomorphic precipitates are composed, largely, if not entirely, 
of virus. 

5. When the pH of the medium is between the isoelectric points of the 
virus protein and the albumin, the virus does not precipitate at high values 
of ionic strength but does precipitate when the ionic strength is considerably 
less than 0.1. 
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LIPOTROPIC ACTIVITY AND TOXICITY OF METHOXININE 
(OXYMETHIONINE) 

Bt C. BOYD SHAFFER and FRANCES H. CRITCHFIELD 

(From the Multiple Fellowship on Chemical Hygiene , Mellon Institute, Pittsburgh) 
(Received for publication, March 3, 1948) 

Methoxinine (DL-2-amino-4-paethoxybutanoic acid) has been synthesized 
by Roblin and coworkers (1), who studied its action on Escherichia coli 
and Staphylococcus aureus. The growth-inhibitory effect of this compound 
was prevented by L-methionine but not by the j> isomer. 1 mole of dl- 
methionine reversed the antibacterial action of 500 to 1000 moles of dl- 
methoxinine. In combination with sulfonamides a synergistic bacterio¬ 
static effect was produced by methoxinine. 

Methoxinine was of interest to this laboratory as a tool in an investiga¬ 
tion of the protective action afforded by methionine against the hepatotoxic 
effects of certain chemicals in protein-deficient states. Provided certain 
conditions were fulfilled, it might be possible by the use of the oxygen 
analogue to distinguish between any effect of methionine due to its sparing 
or replenishment of sulfhydryl enzyme systems (2) and such effect as 
might result solely from its r61e as a lipotropic factor (3). Before such a 
demonstration might be made, however, it was first necessary to establish 
that methoxinine does possess lipotropic activity, in addition to being 
devoid of toxic manifestations that might otherwise complicate the experi¬ 
ment. The work described in the present report shows that the lipotropic 
activity does indeed exist, but that methoxinine exhibits an order of toxicity 
that would probably preclude its use in the connection indicated. 

EXPERIMENTAL 

DL-Methoxinine was synthesized 1 by a modification of the procedure of 
Roblin el al. (1). The final product melted in a range of 249-251° (cor¬ 
rected) with decomposition and effervescence. The rate of heating was 
about 2° per minute above 230°. Elementary analysis gave the following 
results. 

C»HuOjN. Calculated. C 45.10, n 8.33, N 10.52 
Found. 44 44.46, 41 8.06, 44 10.39 

The experimental animals were Rockland rats of the Sherman strain, 
weighing between 130 and 180 gm. Equal numbers of both males and fe- 

1 The authors are indebted to Mr. Joseph Fugger, Department of Chemistry, 
University of Pittsburgh, for the synthesis of the DL-methoxinine, which was per¬ 
formed under the direction of Dr. Klaus Hofmann of that Department. 

489 



490 


LIPOTROPIC EFFECT OF METHOXININE 


males were used. In Series I four groups of ten rats each were fed a lipo- 
genic diet for a period of 21 days, and the supplements of methoxinine or 
DL-methionine 2 (or both) were given in distilled water solution by stomach 
tube. In Series II, the amino acids were incorporated into the basal diet 
to the extent of 0.5 per cent of the latter. 

The basal diet consisted of lard 40, casein 5, sucrose 46, salts (4) 4, and 
cellulose 5. Each animal received daily a tablet supplying approximately 
25 y of thiamine hydrochloride, 100 y of calcium pantothenate, 25 y of 
pyridoxine hydrochloride, and 25 y of riboflavin. In addition, 3 drops of 
a mixture of 50 ml. of Natola 8 and 1 gm. of Ja-tocopherol were given 
weekly. 

In Series I, Group I served as controls, and the others were given the 
following supplements daily by stomach tube in about 2 ml. of distilled 
water solution: Group II, 50 mg. of methoxinine; Group III, 50 mg. of 
methionine; and Group IV, 50 mg. of methoxinine plus 50 mg. of methio¬ 
nine. The last group was included for the purpose of observing any 
possible antagonistic effect between the two compounds. The experiments 
of Series II became necessary when it was found that the animals in Group 
II above did not survive the 21 day experimental period. In Series II, 
therefore, the amino acids were fed in the diet. Group I of Series II is 
likewise a control; Group II received a diet containing 0.5 per cent methio¬ 
nine; and Group. Ill, one containing 0.5 per cent methoxinine. Because 
of the limitation of the quantity of methoxinine available, no group com¬ 
parable to Group IV of Series I could be included. 

All groups were maintained on the experiment for 21 days. Food intake 
and body weight were recorded weekly. At the end of this period, the 
animals were exsanguinated by decapitation under light nembutal anes¬ 
thesia, and the liver was removed, weighed, and analyzed for total fatty 
acids plus cholesterol by chromate oxidation (5). The kidneys were 
weighed (combined weight) and portions of each fixed for histological 
examination. 

In the lipide analyses, the livers were ground in a Waring blendor with 
a small quantity of ethyl alcohol, and the pulp transferred quantitatively 
to a volumetric flask with additional alcohol. Sufficient ethyl alcohol and 
ethyl ether were then added to fill the flask to the mark with a 3:1 propor¬ 
tion of the two solvents, respectively. The flasks were selected to give a 
minimum volume of 20 ml. of alcohol-ether mixture to 1 gm. of wet weight 
of liver tissue, and the tissue pulp was allowed to remain in contact with 
the extracting fluid, with occasional shaking, for at least several hours be- 

•From General Biochemicals, Inc., Chagrin Falls, Ohio. 

•A Parke, Davis and Company preparation containing 55,000 U. S. P. units of 
vitamin A per gm. and 11,000 U. S. P. units of vitamin D per gm. 
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fore aliquots of the latter were removed for saponification of the contained 
lipide. No Keating was involved in the extraction procedure. The 
equivalence, 1 mg. of fatty acid plus cholesterol equals 3.7 ml. of 0.1 N 
dichromate, which is employed in blood analysis, was arbitrarily taken for 
use in this work. The total fatty acids plus cholesterol are expressed as 
percentage of wet weight of the liver. 

Table I 

Influence of Methionine and Methoxinine Supplements, by Stomach Tube, on Rats 
Receiving Lipogenic Diet (Series I) 

Group 1 animals were the controls, Group III received 50 mg. of methionine 
daily, and Group IV received 50 mg. of methionine and 50 mg. of methoxinine daily. 



Group I 

Group III 

Group IV 

Food intake, gm. per rat per day . 

4.16 

4.11 

4.24 

Weight loss, gm . 

16.60 

13.20 

34.40* 

Liver weight, % of body weight . 

6.10 

6.33 

5.13* 

Kidney 41 % of body weight . 

0.87 

0.92 

1.08* 

Liver lipide, % of wet organ weight . 

19.90 

14.90* 

7.02f 


* Deviation from Group I statistically significant, 
t Deviation from Groups I and III statistically significant. 


Table II 

Effect of Incorporating 0.5 Per Cent Methionine and 0.5 Per Cent Methoxinine, 
Respectively, in Lipogenic Diet (Series II) 


Group I animals were the controls, Group II received the methionine-supple¬ 
mented diet, and Group III the methoxinine-supplemented diet. 



Group I 

Group II 

Group III 

Food intake, gm. per rat per day . 

6.22 

5.76 

4.38 

Weight loss, gm . 

24.10 

26.50 

52.30* 

Liver weight, % of body weight . 

6.28 

4.77* 

5.80 

Kidney 44 % of body weight . 

0.82 

0.87 

1.03* 

Liver lipide, % of wet organ weight . 

18.10 

5.60* 

8.70* 


* Deviation from Group I statistically significant. The liver lipide values of 
Groups II and III are not significantly different. 


Results 

Table I presents the means of the results obtained in Senes I in which 
the amino acid supplements were given in fixed quantity by stomach tube. 
All the animals in Group II of this series died between the 12th and 20th 
days of the experiment, and are therefore excluded from any comparison. 
Table II sets forth similar data for the animals in Series II, in which the 
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basal diet was supplemented to the extent of 0.5 per cent methionine and 
0.5 per cent methoxinine, respectively. 

discussion 

All groups of animals in both series lost weight during the experimental 
period, and both the weight loss and food intake were unaffected by supple¬ 
ments of methionine. The addition of 0.5 per cent methoxinine to the 
basal diet did not alter food consumption, but it markedly accelerated the 
loss in weight. On the basis of the mean food intake of the group, a level 
of 0.5 per cent methoxinine in the diet represents an intake of 22 mg. per 
rat per day as compared with the 50 mg. per rat per day that proved 
lethal to the animals in Group II of Series I under similar conditions. 
While no attempt has been made to compare the initial food consumption 
of this group with that of the others, it may be stated that the appetite of 
the animals (Group II) was severely depressed. The combination of a 
nearly equimolar amount of methionine with the methoxinine (Group IV, 
Series I) brought the food intake up on a par with that of the other groups 
and permitted survival for the experimental period, but did not accomplish 
a reversal of the weight loss. 

A direct evaluation of the lipotropic activity of methoxinine is not pos¬ 
sible from the data in Series I because all the animals in Group II died 
before completion of the experiment. But the fact that the combination of 
methoxinine and methionine, as used in Group IV of this series, brought 
about a significantly greater reduction in liver lipide than the methionine 
alone is indicative of a lipotropic effect of the oxygen analogue. Direct 
evidence is afforded in Series II, in which the addition of 0.5 per cent methox¬ 
inine to the basal diet produced an effect on liver lipide equal to that of 
methionine. In both series the food intake of each group was statistically 
identical with that of the others, so that variation in food consumption is 
not a factor in the results obtained. 

That methoxinine possesses considerable toxicity under the conditions 
of these experiments is manifest in the complete mortality in 12 to 20 days 
of the group receiving 50 mg. per rat per day and the extreme weight de¬ 
pletion of the animals ingesting it as 0.5 per cent of the diet. The mech¬ 
anism of such a toxic effect is not apparent from this work. It may be 
pointed out, however, that, if this effect represents an interference with 
methionine metabolism, it is clearly not the transmethylation function of 
the latter that is blocked. Moreover, the fact that the toxicity is only 
slightly counteracted by the simultaneous administration of a practically 
equimolar quantity of DL-methionine leads one to believe that some factors 
other than this specific metabolite antagonism are operative. 

The pathology observed microscopically in sections of the liver cor¬ 
related reasonably well with the amount of fat found by chemical analysis. 
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It is worthy of note that the analytical results revealed a greater lipide 
content of the liver when methionine was given by stomach tube (50 mg. 
per rat per day) than when it was added to the diet, even though the dietary 
supplement calculated on the basis of the food intake was only 29 mg. per 
rat per day. The microscopic sections showed, correspondingly, a more 
extreme fatty infiltration in the former instance. The sections of kidney 
were particularly interesting in that those from the animals that succumbed 
to the 50 mg. per day dose of methoxinine exhibited varying degrees of 
tubular damage, frequently with glomerular involvement. Some tubular, 
and occasionally glomerular, changes were found in many of the animals, 
irrespective of grouping, but the changes in Group II of Series I were more 
extensive and severe than in any other. This condition seems to have been 
ameliorated to some extent by the simultaneous administration of methio¬ 
nine as judged from the pathology in Group IV of Series I. 

SUMMARY 

1. With rats fed a diet containing 5 per cent casein and 40 per cent 
lard, a supplement of 50 mg. of methionine plus 50 mg. of methoxinine per 
rat per day effected a significantly greater reduction in the lipide content 
of the liver than did 50 mg. of methionine alone. 

2. Addition of either 0.5 per cent methoxinine or 0.5 per cent methionine 
to the basal diet lowered the lipide content of the liver to the same degree. 

3. The administration of 50 mg. per rat per day of methoxinine to ani¬ 
mals fed the basal diet produced complete mortality of the group in 12 to 
20 days, with significant kidney pathology evident microscopically. Addi¬ 
tion of 50 mg. of methionine to this dose raised the level of food consumption, 
permitted survival over the experimental period, and reduced the severity 
of kidney damage, but did not prevent a significantly greater depletion 
of body weight as compared to the controls or to the group receiving methio¬ 
nine alone. This accelerated rate of weight loss was also observed in those 
animals fed the basal diet containing 0.5 per cent methoxinine (22 mg. 
per rat per day), although no mortalities occurred in this group over the 
period indicated. 

. The authors are grateful to Mr. Carrol S. Weil of this Fellowship for 
statistical analysis of the results of this investigation. 

BIBLIOGRAPHY 

1. Roblin, R. O., Jr., Lampen, J. O., English, J. P., Cole, Q. P., and Vaughan, J. R., 

Jr., /. Am . Chem. Soc., 67, 290 (1945). 

2. Miller, L. L., and Whipple, G. H., Am . /. Med . Sc., 800, 739 (1940). 

3. Shaffer, C. B., and Critchfield, F. H., Proc . Soc. Exp. Biel, and Med., 59, 210 (1945). 

4. Hawk, P. B., and Oser, B. L., Science, 74, 369 (1931). 

5. Peters, J. P., and Van Slyke, D. D., Quantitative clinical chemistry; Methods, 

Baltimore, 496 (1932). 




STUDIES OF PYRIDOXINE DISPLACEMENT 


By GUSTAV J. MARTIN, SOUREN AVAKIAN, and JACK MOS8 
(From the Research Laboratories , The National Drug Company , Philadelphia) 

(Received for publication, March 11, 1948) 

Relatively little work has been done with pyridoxine displacers. Ott 
(1) found 2,4-dimethyl-3-hydroxy-5-hydroxymethylpyridoxine (desoxypy- 
ridoxine) to be a very potent inhibitor of pyridoxine in the metabolism 
of the chick. 2 molecules of inhibitor w6re sufficient to offset the 
vitamin activity of 1 molecule of pyridoxine. In the course of an inves¬ 
tigation of antimalarials, McCasland et al. (2) synthesized 2-methyl- 
4-hydroxy-6-hydroxymethylpyrimidine and a number of closely related 
compounds which are analogues of pyridoxine. No statement was 
made of their activity. The second paper by this group (3), reports the 
* synthesis of 2,6-di-(hydroxymethyl)-4-hydroxy-5-methylpyrimidine hydro¬ 
chloride which is the pyrimidine analogue of pyridoxine. Tests for anti- 
pyridoxine activity of this compound showed it to be inactive. Ott 1 
found 2-methyl-3-hydroxy-4-methoxymethyl-5-hydroxymethylpyTidine 
(methoxypyridoxine) to be nearly as effective a pyridoxine displacer in the 
chick as was desoxypyridoxine. Mushett et al. (4) have reported on the 
pathologic effects produced by these two analogues of pyridoxine. Atrophy 
of the lymphoid tissues seemed to characterize the histopathological 
picture. The effectiveness of desoxypyridoxine in the rat has been re¬ 
ported (5). The Merck group (6) has studied the effect of pyridoxine- 
displacing agents on the metabolism of tryptophan. From this study, it 
was concluded that desoxypyridoxine interfered with some phase of trypto¬ 
phan metabolism. Recently, Beiler and Martin (7) found desoxypyri¬ 
doxine to be ineffective as an inhibitor of the action of tyrosine decarboxyl¬ 
ase. Phosphorylated desoxypyridoxine, on the other hand, displaces 
pyridoxal phosphate in the tyrosine decarboxylase system. 

EXPERIMENTAL 

. Several analogues of pyridoxine were prepared and tested with desoxy¬ 
pyridoxine as the standard. These chemicals included 2-acetoxy-3,5- 
diacetoxymethyltoluenc, 2-methyl-3-hydroxy-4-dimethylaminomethylpy- 
ridine, 2-methyl-3-hydroxy-4-hydroxymethylpyridine, and 2-ethyl-3- 
amino-4-ethoxymethyl-5-aminomethylpyridine. The compounds were 
prepared in accordance with the following procedures. 

1 Ott, W. H., personal communication; cited in (4). 

• 495 



496 1 


PYRIDOXINE DISPLACEMENT 


2-Acetoxy-S , 6-diacetoxymelhyltoluene was prepared according to the 
method of Bruson and MacMullen (8). 110 gm. of 40 per cent formalde¬ 
hyde were added with stirring to a mixture of 54 gm. of o-cresol and 150 
gm. of 33 per cent dimethylamine over a period of 1 hour. The temp¬ 
erature was kept at 25-30° during the addition and then raised to 90-95°. 
After 1.5 hours the product was separated, dried, and distilled under 
reduced pressure. The yield of the pure product, b.p. 115-117° at 0.3 
mm. pressure, was 31 gm. of 2-hydroxy-3,5-bis(dimethylaminomethyl)- 
toluene. 

A mixture of 30 gm. of 2-hydroxy-3,5-bis(dimethylaminomethyl)toluene 
and 50 gm. of acetic anhydride was heated at 90-95° for 2 hours and then 
refluxed for 1.5 hours. Distillation yielded 30 gm. of product boiling at 
155-160° at 0.3 mm. This was extracted with 1 N hydrochloric acid and 
redistilled to give 27 gm. of 2-acetoxy-3,5-diacetoxymethyltoluene boiling 
at 158-159° at 0.3 mm.; nf 1.4997. 

Analysis—CuH w Oe. Calculated, CHgCO— 43.8; found, CH a CO— 43.0 

2-Methyl-8-hydroxy-4~hydroxymethylpyridine Hydrochloride —A solution 
of 23 gm. of 4-diethylaminomethyl-3-hydroxy-2-methylpyridine (9) in 31 
gm. of acetic anhydride was heated at 90-95° for 3 hours and then refluxed 
for 1 hour. The resulting mixture was dissolved in water, neutralized, 
and extracted with ether. Distillation gave 23 gm. of product boiling at 
135-136° at 0.3 mm. The hydrochloride melted at 161-162°. 

5 gm. of 4-acetoxymethyl-3-acetoxy-2-methylpyridine were dissolved 
in 200 cc. of 2 n hydrochloric acid and the solution refluxed for 12 hours. 
The solvent was evaporated under reduced pressure and the residue re¬ 
crystallized from ethyl alcohol; m.p. 165-166°. 

Analysi8-~C7H 9 0iN-HCl. Calculated, N 7.98; found, N 8.16 

2-Methyl-8-hydroxy-4dimethy1amimmethylpyridine —A mixture of 16.4 
gm. of 2-methyl-3-hydroxypyridine (10) and 18 gm. of 33 per cent dimethyl- 
amine was dissolved in 40 cc. of water and 13.5 gm. of 40 per cent formal¬ 
dehyde were added over a period of 1 hour. The mixture was allowed to 
stand overnight; the clear solution was heated to 90-95°, saturated with 
sodium chloride, and the oily layer separated. Distillation gave 11 gm. 
of product boiling at 75-76° at 0.5 mm. The hydrochloride melted at 
223-224°. 

Analysis--C*H u ONt. Calculated, N 16.86; found, N 16.93 

Preparation of £-ethyl-8-amino-4-ethoxymethyl-6-aminomethylpyridine di- 
hydrochloride occurred by a series of reactions analogous to those used by 
Harris and Folkers (11) in the preparation of pyridoxhjl. 
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To the stirred suspension of sodium amide was added in 5 minutes a 
solution of 0.3 mole of ethyl methyl ketone in 100 cc. of ether. After 5 
minutes 0.4 mole of ethyl ethoxyacetate in 100 cc. of ether was added and 
the stirring was continued for 2 hours at reflux temperature. The mix¬ 
ture was poured into 300 cc. of water, neutralized with dilute hydrochlorio 
acid, and extracted with ether. The solvent was distilled from the ether 
solution, the residue added to a hot filtered solution of 40 gm. of copper 
acetate in 350 cc. of water, and the mixture allowed to stand for 4 hours. 
The copper salt of the diketone was filtered, washed with ligroin, and re¬ 
crystallized from methyl alcohol. The yield of pure product, m.p. 137- 
138°, was 20 gm. or 33 per cent. 

The copper salt was stirred with 300 cc. of 10 per emit sulfuric acid and 
200 cc. of ether. The acid layer was again extracted with ether and the 
combined ether solution dried over sodium sulfate. The solvent was dis¬ 
tilled and the residue fractionated in vacuo through a 30 cm. Vigien column, 
b.p. 93-95° at 13 mm. The product was l-ethoxy-2,4-hexadione. 

• To 63 gm. of cyanoacetamide, dissolved in ‘450 cc. of hot ethyl alcohol, 
102 gm. of l-ethoxy-2,4-hexadione and 10 cc. of piperidine were added 
with shaking. The mixture was allowed to stand overnight, cooled, and 
filtered. The yield of 2-ethyl-4-ethoxymethyl-5-cyano-6-pyridone, after 
filtration and crystallization from alcohol, was 115 gm., m.p. 174-175°. 

To 10 gm. of 2-ethyl-4-ethoxymethyl-5-cyano-6-pyridone in 30 cc. of 
acetic anhydride containing a little urea were added, with cooling and 
stirring, 4.5 cc. of fuming nitric acid. The reaction temperature was kept 
between 5-10° during the addition. The reaction mixture was kept at 
this temperature for 10 minutes and then at 25-30° for half an hour. The 
mixture was poured into ice and the crystalline product filtered after 3 
hours. The yield of 2-ethyl-3-nitro-4-ethoxymethyl-5-cyano-6-pyridone, 
m.p. 125-127°, was 4 gm. Recrystallization raised the melting point to 
127-128°. 

A mixture of 30 gm. of 2-ethyl-3-nitro-4^ethoxymethyl-5-cyano-6-pyri- 
done, 35 gm. of phosphorus pentachloride, and 250 cc. of chlorobenzene 
was heated at reflux temperature for half an hour and then at such a rate 
as to distil 150 cc. of the chlorobenzene in 3 to 4 hours. The remaining 
solvent was removed at 10 to 15 mm. The viscous residue was heated 
with 80 cc. of 10 per cent ethyl alcohol; the resulting mixture was extracted 
with ether and dried over sodium sulfate. The ether was distilled and the 
residue extracted twice with 250 cc. of boiling petroleum ether. This 
extract was concentrated on a steam bath and then cooled slowly to 10°. 
The precipitate 2-ethyl-3-nitro-4-ethoxymethyl-5-cytuao-6-chloropyridine, 
after filtration and recrystallization, melted at 52-53°. Hie yield was 9.5 

gm. 
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A solution of 27 gm. of 2-ethyl-3-nitro-4-ethoxymethyl-5-cyano-6-chloro- 
pyridine (m.p. 50-52°) in 175 cc. of alcohol was shaken in the presence of 
0.5 gm. of Adams’ catalyst with hydrogen at a pressure of 50 pounds. 
The hydrogenation was stopped after 3 moles of hydrogen had been ab¬ 
sorbed and the mixture was allowed to cool. The alcohol was decanted 
and the product extracted with hot alcohol. Thus 14 gm. of pure 2-ethyl- 
3-amino-4-ethoxymethyl-5-cyano-6-chloropyridine, m.p. 121-122°, was ob¬ 
tained. 

A solution of 3.5 gm. of 2-ethyl-3-amino-4-ethoxymethyl-5-cyano-6- 
chloropyridine in 140 cc. of glacial acetic acid with 1.2 gm. of sodium ace¬ 
tate, 0.3 gm. of Adams’ catalyst, and 5 gm. of 10 per cent palladium charcoal 
catalyst was shaken with hydrogen at a pressure of 50 pounds until 3 moles 
had been absorbed (5 hours). After filtering off the catalyst the solvent 
was evaporated under reduced pressure, and the residue extracted with 
alcohol and separated from sodium chloride. The alcoholic solution was 
saturated with dry hydrogen chloride and the dihydrochloride precipitated 
by addition of acetone. The yield of the pure dihydrochloride of 2-ethyl- 
3-amino-4-ethoxymethyl-5-aminomethylpyridine, m.p. 214-215°, was 1.2 
gm. 

Analysis—C hHijONj* (2HC1). Calculated, N 14.89; found, N 14.93 

The structure of 2-ethyl-3-amino-4-ethoxymethyl-5-aminomethylpy- 
ridine was established through the following reactions. 


H,N 

C,H,~ 


CHiOC 2 H 6 

CHjNHj 

\n/ 


CH 2 OC 2 H 8 



CH 2 Br 


HO 


i—CH 2 Br 


c 2 h^ n/ ! 


HBr 


A solution of 1 gm. of the dihydrochloride of 2-ethyl-3-amino-4-ethoxy- 
methyl-5-aminomcthylpyridine in 20 cc. of water was added simultaneously 
with a solution of 2 gm. of sodium nitrite to 40 cc. of hot 2.5 n hydro¬ 
chloric acid. The solution was concentrated to dryness under reduced pres¬ 
sure and the residue washed with acetone. The dihydroxy hydrochloride 
was extracted from sodium chloride with absolute alcohol and the extract 
evaporated to dryness. 

The crude residue was refluxed with 25 cc. of 48 per cent hydrobromic 
acid for half an hour, cooled in ice water, and filtered. Two crystallizations 
from ethyl alcohol gave the pure compound with the same melting point 
as that given by Harris (12) for 2-ethyl-3-hydroxy-4,5-dibromomethylpy- 
ridine hydrobromide. 

The method used in testing these agents was to employ the medium of 
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Atkin et al. (13) and the technique of Williams et al. (14). The test micro¬ 
organism was Saccharomyces cerevisiae, G. M. 
2-Acetoxy-3,5-diacetoxymethyltoluene and 2-methyl-3-hydroxy-4-di- 

Table I 

2-Ethyl-8-amino-4-ethoxymethyl-6-aminomethylpyridine As Pyridoxins Displacing 

Agent 

The results are expressed in readings on the Klett photoelectric colorimeter. 


Pyridoxine 

concentration 



at 

Concentrations, y per 10 ml. 



0 


1 


10 , 100 

1000 

10,000 


2-Ethyl-3-amino-4-ethoxymethyl-5-aminomethylpyridine 


y per 10 ml. 

0 

102 

85 

70 

, 

03 

60 

52 

0.04 

146 

103 

90 

85 

68 

51 

100.04 

151 

108 

102 

89 

90 

63 

1,000.04 

155 

128 

123 

108 

100 

95 

10,000.04 

158 

143 

123 


130 

102 


Desoxypyridoxine concentrations 


0 

110 

123 

110 

80 

66 

43 

0.04 

160 

123 

111 

80 

74 

65 

100.04 

180 

136 

123 

118 

100 

92 

1,000.04 

185 

154 

150 

148 

145 

125 

10,000.04 

195 

185 

185 

180 

175 

135 


Table II 

Displacement of Pyridoxal by Desoxypyridoxine 
Klett photoelectric colorimeter readings. 


Pyridoxal 


Desoxypyridoxine concentrations, y per 10 ml. 


concentration 

0 

! 1 

10 

100 

1000 

10,000 

7 per 10 ml. 

0 

90 

120 

108 

72 

53 

40 

0.0005 

162 

140 

135 

70 

58 

43 

. 100.0005 

194 

200 

160 

132 

80 1 

72 

1000.0005 

257 

246 

245 

225 

120 

101 


The ratio is approximately 1:1 in higher concentrations of metabolite and dis¬ 
placer. 


methylaminomethylpyridine were inactive. 2-Methyl-3-hydroxy-4-hy- 
droxymethylpyridine was active with an inhibitor-metabolite ratio of 260. 
2-Ethyl-3-amino-4-ethoxymethyl-5-aminomethylpyridine was found to be 
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a more powerful inhibitor of pyridoxine than was desoxypyridoxine. 
Table I presents an experiment showing comparative results. 

The effectiveness of desoxypyridoxine was tested against pyridoxal in 
order to check the possibility that displacers for one form of vitamin B# 
might not be displacers of the other forms. The results presented in 
Table II clearly show the effectiveness of desoxypyridoxine in displacing 
pyridoxal. 

To date, only seven compounds have been tested as pyridoxine-dis- 
placing agents. It is therefore impossible to generalize concerning the 
structure of active agents. 


SUMMARY 

Four compounds structurally related to pyridoxine were synthesized 
and tested as possible displacing agents. Of these, 2-methyl«3-hydroxy-4- 
hydroxymethylpyridine and 2-ethyl-3-amino-4-ethoxymethyl-5-amino- 
methylpyridine were found active. 
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It was previously reported by us (1) that erythrocytes contain an enzyme 
capable of splitting inorganic pyrophosphate in the presence of magnesium 
ions. The presence of the enzyme in erythrocytes was mentioned by 
Jenner and Kay (2) and by Roche (3), but the properties of the enzyme do 
not seem so far to have been investigated in detail. The pyrophosphatases 
of some bacteria were studied in some detail by Pett and Wynne (4). 
Bailey and Webb (5) also have studied the pyrophosphatase of yeast. 
They found that the enzyme was specifically activated by magnesium ions, 
and that the activation by magnesium was antagonized by calcium. They 
also suggested that the yeast pyrophosphatase might be an SH enzyme. 
The results of a detailed investigation on the erythrocyte pyrophosphatase 
are outlined in this paper. 


EXPERIMENTAL 

Reagents —Glass-redistilled water and as far as possible Kahlbaum chem¬ 
icals were used throught the investigation. 

1. Substrate. 0.01 m sodium pyrophosphate. Pure sodium pyrophos¬ 
phate was prepared by heating disodium phosphate in a platinum crucible 
to a red heat until an aqueous solution of it gave no blue color within 10 
minutes with Fiske and Subbarow’s (6) reagents for orthophosphate. A 
stock solution of 0.01 m pyrophosphate adjusted by diluting to pH 7.6 with 
normal HC1 was prepared. 

2. Activator. 0.1 m magnesium chloride. 

3. Buffer. Michaelis’ (7) veronal-acetate buffer at pH 7.66. 

4. Enzyme. About 10 ml. of venous blood were collected in a 15 ml. 
graduated centrifuge tube containing the minimum amount of lithium 
oxalate (or 3 drops of 0.1 m sodium oxalate) and carefully mixed. The 
blood is centrifuged at 5000 r.p.m. for about 10 minutes. The volumes of 
the packed red cells and the plasma were noted, and the plasma was pipet¬ 
ted out. 1 ml. of the packed erythrocytes was accurately measured into 
another centrifuge tube containing normal saline. By careful manipulation 
of the pipette it is possible to draw out only the red blood cells. The meas- 

001 
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ured volume of the erythrocytes was washed with 10 volumes of normal 
saline at the centrifuge. Twice washing with saline was found to be unnec¬ 
essary. The supernatant saline was pipetted and the erythrocytes were 
diluted to 10 volumes with water. By shaking, a clear hemolysate was 
obtained. The enzyme solution thus prepared keeps its potency for more 
than 2 days, provided it is kept in the ice chest in a glass-stoppered flask. 
Thereafter the enzyme strength gradually decreases. At room temperature 
the enzyme rapidly deteriorates, and therefore the hemolysate should be 
kept in the ice chest as soon as it is prepared, and aliquots taken at the time 
of assay of the enzyme. Some preparations, and particularly those from 
guinea pig erythrocytes, retained full activity for more than a week when 
kept in the ice chest. But generally no preparation which was more than 
3 days old was used in the investigation. Attempts to remove the hemo¬ 
globin from the enzyme preparation by shaking with chloroform resulted in 
loss of the enzyme activity. 

5. Fiske and Subbarow’s reagents for the estimation of orthophosphate 

( 6 ). 


Assay of Erythrocyte Pyrophosphatase 

Into a Pyrex test-tube (5 X i inches) were measured 3 ml. of the buffer 
(pH 7.6), 1 ml. of 0.1 M magnesium chloride, 0.5 ml. of the enzyme, and 0.5 
ml. of 0.01 m sodium pyrophosphate. The contents were mixed and the 
tube was placed in a thermostat at 37° for 30 minutes. The reaction was 
stopped by adding 2.5 ml. of 10 per cent trichloroacetic acid, the tube 
shaken, and after it had stood for 2 to 3 minutes the contents were filtered. 
Aliquots of the filtrate were diluted to 5 ml. and the orthophosphate content 
was estimated by Fiske and Subbarow’s method with dilute phosphate 
standards (5 ml. = 0.08, 0.04, and 0.02 mg. of P). A control experiment 
(blank) was also set up simultaneously, and the substrate added only after 
the incubation and just before addition of the trichloroacetic acid. 5 ml. 
of filtrate were used for the estimation of phosphorus with weaker standards. 
During the colorimetric estimation the colors must be compared within 5 
minutes after the molybdate and the aminonaphtholsulfonic acid reagents 
are added. Otherwise higher values were obtained, owing to the hydrolysis 
of the pyrophosphate by the 0.5 n sulfuric acid, and after 15 minutes values 
more than 10 per cent higher were obtained. The phosphorus equivalent 
of the 7.5 ml. of the filtrate of the control was subtracted from that of the 
experiment, and the value multiplied by 20 to give phosphorus, in mg., 
liberated by the amount of the enzyme present in 1 ml. of the erythrocytes, 
which is arbitrarily taken as the unit of pyrophosphatase. 
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Properties of Erythrocyte Pyrophosphatase 

Magnesium Activation —At the outset it was found that without added 
magnesium ions the pyrophosphatase activity of both the erythrocytes and 
the plasma was negligible, but by the addition of magnesium ions to a con¬ 
centration of 0.02 m, the erythrocyte enzyme activity increased to more 
than 100-fold, whereas activity of the plasma enzyme remained practically 
the same. 1 

The influence of the addition of varying amounts of magnesium chloride 
to the erythrocyte enzyme buffered at pH 7.66 was studied, and it was 
found that at very low and at very high magnesium concentrations the 
enzyme activity decreased, showing thereby an optimum range for full 
activity. This range lies between 0.02 m and 0.05 m concentration of mag¬ 
nesium. In Fig. 1 gMg, a term introduced by Jenner and Kay (2), is 
plotted against the enzyme activity, expressed as per cent standard assay. 
(Standard assay refers throughout to the assay under the standard condi¬ 
tions, given above.) 

From Fig. 1 it can be seen that rather a high concentration of magnesium 
is required for optimum activity. The enzyme resembles the erythrocyte 
alkaline phosphatase (acting on glycerophosphate) in having magnesium 
as an activator, whereas the erythrocyte acid phosphatase (acting on 
phenyl phosphate) is reported (8) to be inhibited by magnesium. Various 
other phosphatases and pyrophosphatases possess an optimum magnesium 
concentration much less than that of the erythrocyte pyrophosphatase. 
Yeast pyrophosphatase (5) requires an optimum gMg of 2.7, and bacterial 
pyrophosphatases (4) require a gMg of 2.5 for Clostridium acetobutylicum 
and of 4.5 for Propionibaclerium jensenii; the erythrocyte alkaline phospha¬ 
tase has a gMg of 2.4; the only other enzyme that requires a high magnesium 
concentration is aminoethylphosphatase (9) from feces. It is reported 
that this enzyme requires a concentration of 0.08 to 0.1 M magnesium, 

1 A number of experiments were conducted with plasma as well as with the laked 
red blood cells of the same blood under the same experimental conditions as for the 
assay, but with 1:5 dilution of plasma instead of 1:10 erythrocytes. In almost all 
cases there was negligible activation of the plasma pyrophosphatase as shown by the 
activities with and without added magnesium. The values when magnesium was 
not added were very nearly equal to the blanks (i.e., substrate added after 30 minutes 
incubation), and in a few cases they are even less than the blanks, the difference 
being small and within experimental error. In one case of postarsenical jaundice, 
with a plasma bilirubin of 5 units and an icterus index of 20, a marked activation of 
the plasma pyrophosphatase by magnesium was found, the activation being about 
70 per cent of that of the erythrocyte pyrophosphatase of the same blood sample. 
But after 1 week, the same patient’s blood was tested, and the plasma was found to 
have lost its activity. 
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whereas the aminoethylphosphatase from the kidney requires only 0.005 
m magnesium. 

In connection with Mg activation, one interesting point observed was 
that in those experiments in which the pyrophosphate concentration was 
0.02 m and above there was turbidity due to the precipitation of magnesium 



Fig. 1 . Magnesium activation curve. 0.6 ml. of enzyme (1:10 red blood cells), 
3 ml. of buffer (pH 7.66), 0.5 ml. of 0.01 u sodium pyrophosphate, and 1 ml. of mag¬ 
nesium chloride to give various final concentrations of magnesium. Incubation 
period, 30 minutes. 

pyrophosphate. In Table I are given the results of the effect of varying 
amounts of the activator and the substrate on the activity of the enzyme. 

From the data in Table I it can be seen that the rate of hydrolysis is 
actually increased, rather than being decreased. Since precipitation 
caused no depletion of the substrate, or of the activator, it may be inferred 
that the activator-substrate combination may be essential for the TTmvimiim 
activity of the enzyme. It should also be noted that higher concentrations 
of magnesium produce an inhibiting effect on the enzyme. 
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Protective Action of Magnesium on Enzyme—It was found that if the 
enzyme was incubated at 37°, prior to the assay, with buffer alone and 
without magnesium, most of the enzyme activity was lost. But on incuba¬ 
tion with magnesium the enzyme was protected to an appreciable extent. 
Table II gives the results of the enzyme activity after incubation with 
and without added magnesium for different time periods before the assay. 

The results support the view already advanced by Jenner and Kay (2) 
that the colloid enzyme particle has a high adsorptive capacity for Mg 
ions, resulting in enzymatic activity. On incubation of the enzyme with 
buffer without magnesium, the adsorptive capacity of the enzyme surface 


Table I 

Enzyme Activity with Increased Concentrations of Magnesium and 
Pyrophosphate , and Effect of Precipitation of Magnesium 
Pyrophosphate on Activity 

0.5 ml. of enzyme, varying amounts of magnesium and pyrophosphate, and buffer 
to 5 ml. Incubation period, 30 minutes. 


Concentration of 
magnesium 

Concentration of pyro¬ 
phosphate 

Precipitation due to mag¬ 
nesium pyrophosphate 

Activity, per cent of stand¬ 
ard assay 

M 

u 



0.01 

0.001 


71 

0.01 

0.002 


90 

0.01 

0.003 

u 

99 

0.02 

0.001 

Nil 

100 

0.02 

0.002 

Slight 

130 

0.02 

0.003 

Marked 

138 

0.05 

0.001 

Nil 

104 

0.05 

0.002 

Marked 

135 

0.05 

0.003 


135 

0.1 

0.001 

Nil 

87 

0.1 

0.002 

Marked 

122 

0.1 

0.003 

a 

137 


is diminished, owing probably to partial inactivation of the enzyme. From 
Table II it can be seen that even when magnesium is present there is gradual 
reduction of the activity. 

pH and Enzyme Activity —3 ml. of m/35 veronal-acetate buffer at various 
pH values were incubated with 1 ml. of magnesium chloride, 0.5 ml. of the 
enzyme, and 0.5 ml. of the substrate for 30 minutes, and the phosphate split 
was estimated. The reaction mixture darkened in the tubes at pH 3.8 and 
below. In more alkaline reactions, that is above pH 8.9, there was tur¬ 
bidity, due probably to the insolubility of both magnesium hydroxide and 
magnesium pyrophosphate. Enzyme preparations of different ages were 
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Table II 

Protective Action of Magneeium on Enzyme 
0.5 ml. of enzyme incubated at 37° with 3.9 ml. of buffer, with and without 0.1 ml. 
of I m magnesium for different periods; 0.5 ml. of 0.01 m pyrophosphate added to all, 
0.1 ml. of 1 u magnesium to those that do not contain magnesium; standard assay 
procedure. 


Enzyme preparation No. 

Incubation period prior to 

assay 

Activity, per cent of standard assay 



1 With magnesium | 

| Without magnesium 
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used and the optimum pH range was found to be the same in all cases. Fig. 
2 represents the pH-activity curve. The optimum pH range lies between 
7.4 and 8.2. 

The enzyme differs slightly from yeast pyrophosphatase (5) and bacterial 
pyrophosphatases (4) in having the optimum pH more towards the alkaline 
side, as in the case of other mammalian pyrophosphatases (10). Practically 
negligible activity was shown by the enzyme at both the alkaline pH 8.6 
and the acid pH 4.9, which correspond to the optimum for erythrocyte 
alkaline and acid phosphatases respectively. 

Temperature and Enzyme Activity —The enzyme activity was determined 
under standard conditions, but at varying temperatures of incubation. In 

Table III 

Enzyme Activity with Temperature 

The enzyme was assayed as under the standard assay except that the temperature 
was varied. 


Temperature 

Phosphorus liberated per 1 ml. erythrocytes 

Enzyme 1 

Enzyme 2 

EnzymeS 

•c. 

m . 

mg. 

mg. 

5 1 

0.48 

0.37 


15 

0.75 



27 


1.63 


30 

2.45 



37 

3.71 

3.54 

3,00 

50 

3.02 


2.50 

57 


1.31 ! 


67 


0.44 



Table III the results of study of three different preparations are given. It 
can be seen that the optimum temperature lies near the body temperature, 
and that the optimum range is 30-50°. At 67° the protein was heat- 
coagulated in the first few minutes, whereas at 57° there was slight coagula¬ 
tion towards the end of the incubation. 

Progress Curve—The progress curves were studied both with moderate 
and very strong enzyme preparations. Curve A of Fig. 3 illustrates the 
results with moderately strong preparations, and Curves B and C with very 
strong preparations. In the case of Curve A about 65 per cent hydrolysis 
of the substrate occurs in 3 hours and thereafter the activity becomes 
negligible. Only about 25 per cent hydrolysis occurs in 30 minutes, whereas 
with the stronger preparation (Fig. 3, Curve B) about 90 per cent hydrolysis 
of the substrate occurs in the first 30 minutes and almost 100 per coat in 1 
hour. In both cases the hydrolysis curve was linear during the first 30 
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minutes. This behavior is seen only when the concentration of the sub¬ 
strate is kept low, as is evident from a comparison of Curves B and C, the 
same active enzyme being used in both cases, but with 6 times more of the 
substrate in the case of Curve C. 

Enzyme Concentration and Activity —The enzyme activity of two different 
preparations at various concentrations and over intervals of 1,2, and 5 hours 



Fig. 3. Progress curve. 0.5 ml. of enzyme (1:10 red blood cells), 3 ml. of buffer 
(pH 7.06), 1 ml. of 0.1 m magnesium, and pyrophosphate to give a final concentration 
of 0.001 u in Curves A and B and 0.006 u in Curve C. Total volume, 5 ml. Curves 
B and C are with the same enzyme preparation; Curve A from another. 

Was studied, the substrate concentration (0.001 m) and magnesium concen¬ 
tration (0.02 m) in the reaction mixture being constant. With low erythro¬ 
cyte concentrations, 1:100 (t.e. 1:1000 in the reaction mixture), the activity 
was rather weak, but in erythrocyte concentrations of 1:20 to 1:5 direct 
proportionality was found to exist between the enzyme activity and its 
concentration. Fig. 4 illustrates these results. 

Enzyme Activity and Substrate Effect —In view of its ability to form metal 
complexes, pyrophosphate is generally employed in enzyme studies to 
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detect the presence of any metallic groups that might contribute to the 
enzyme activity. 0.03 m pyrophosphate is reported to inhibit the respira¬ 
tion of liver tissue in several media (11); inhibition of yeast pyrophosphatase 
is reported (5) to commence at 0.003 M, giving 50 per cent inhibition in 
0.01 m and 100 per cent in 0.03 m pyrophosphate; the purified intestinal 



£nsvme Concentration (*/> R.B.C.) 

Fio. 4. Enzyme activity with different enzyme concentrations. 0.5 ml. of enzyme 
of different concentrations, 3 ml. of buffer (pH 7.6), 1 ml. of 0.1 m magnesium, and 
0.6 ml. of 0.01 m pyrophosphate. Two different enzyme preparations were used. 

alkaline phosphatase also is reported (12) to be inhibited by higher con¬ 
centrations of pyrophosphate. The pyrophosphatase of red blood cells is 
also found to be inhibited, by 0.01 M pyrophosphate. 

The main experimental difficulty encountered in the study of the sub¬ 
strate effect was the interference of the high pyrophosphate concentration 
on molybdenum blue color production. We had to dilute aliquots of the 
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test filtrates so as to get a final concentration of less than 0.001 m pyro¬ 
phosphate before developing the colors.’ 



<jPj,0 7 

Fig. 5. Enzyme activity and substrate effect. 0.5 ml. of enzyme (1:10 red blood 
cells), 3 ml. of buffer (pH 7.6), 1 ml. of 0.1 m magnesium, and pyrophosphate to give 
different final concentrations. Final volume, 5 ml. Incubation period, 30 minutes. 
Curves A, B, C, and D are for different human erythrocyte enzyme preparations; 
Curve E, goat erythrocyte enzyme. 

Fig. 5 illustrates the results obtained. gP 2 C >7 represents the negative 
logarithm of the molar concentration of the pyrophosphate in the reaction 

2 While pointing out this difficulty, Schmidt and Thannhauser (12) have applied 
the method of King and Delory (26) for the estimation of phosphorus with “oxin” 
reagent. They found that with slight modification the method can be employed for 
the estimation of 2 y or more of phosphorus in a phosphate-pyrophosphate mixture 
containing not more than 100 y of pyrophosphate phosphorus. But we found by using 
the modification of Schmidt and Thannhauser that only 4 y or more of phosphorus 
could be estimated within 10 per cent error at room temperature, 32°, and 2 y or less 
of phosphorus gave more than 25 per cent higher recovery values. As it is not pos¬ 
sible to recover even 1 y of phosphorus in the test filtrates at the high dilution madQ 
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mixture. In Fig. 5 it can be seen that with increasing substrate concen¬ 
tration the activity of the enzyme is gradually decreased to negligible 
values. The splitting of the pyrophosphate progressively increases from 
0.0005 to 0.006 m pyrophosphate concentrations, and suddenly the rate 
falls, as is shown by a steep decline in the curves when the pyrophosphate 
concentration reaches 0.01 m. The hydrolysis is about 50 per cent of the 
standard assay at 0.02 m, and at 0.03 m the enzyme activity, though not 
absent, is negligibly small. Further it can be seen that the maximum 
hydrolysis occurs in the range of 0.004 to 0.008 m pyrophosphate concen¬ 
tration, and in most cases the range is from. 0.006 to 0.008 m. Weaker 
enzyme preparations (e.g. goat erythrocyte enzyme and older preparations 
of human erythrocyte enzyme) show the inhibitory effect of the substrate 
at even 0.04 m substrate. It might be that the weaker the enzyme the 
stronger would be the substrate inhibition at higher concentrations. 

Activators of Erythrocyte Pyrophosphatase —Of the many substances 
investigated for activating effect on the enzyme none was found to replace 
magnesium. In the presence of magnesium , bile salt showed definite acti¬ 
vation of the enzyme, the extent of activation being dependent upon the 
age of the enzyme. In the absence of magnesium, the bile salt had practi¬ 
cally no activating effect. Similarly very dilute solutions of cyanide 
(KCN) showed slight activating effect only in the presence of magnesium. 

The buffered enzyme containing the optimum amount of magnesium was 
incubated with sodium taurocholate (0.05 per cent salt in the incubation 
mixture) for 15 minutes, and then the substrate was added and the enzyme 
assayed. From the results of the enzyme activity with and without bile 
salt, the percentage activation due to the bile salt was calculated. With 
very active enzyme preparations, activation due to bile salts was about 20 
to 30 per cent and with less potent preparations from 50 to 70 per cent. 
Older enzyme preparations, which had lost most of their activity, could not 
be restored to their original activity, but this could be doubled. The bile 
salt activation is probably due to peptization of the enzyme protein. The 
cyanide activation, on the other hand, might be due to removal of metal 
inhibitors. 

Inhibitors of Erythrocyte Pyrophosphatase —Various substances, which 
are known to be enzyme inhibitors, were studied to elucidate the nature of 
the groups that contribute to the erythrocyte pyrophosphatase activity. 


to bring the pyrophosphate concentration to 100 y of phosphorus, we used the method 
of Fiske and Subbarow. By adding known amounts of orthophosphate to different 
concentrations of pyrophosphate in water and estimating the phosphate, it was 
found that the per cent error in the recovery was negligible when the pyrophosphate 
concentration w r as 0.001 m or less. 
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The buffered enzyme containing the optimum amount of the activator 
(0.02 m Mg) was incubated with varying concentrations of the inhibitors 
(adjusted to pH 7.6) for 15 minutes, and then the substrate was added and 


Table IV 


Inhibition of Magnesium-Activated Enzyme by Different 
Concentrations of Inhibitor 


Inhibitor 


Per cent inhibition 


Final concentration of inhibitor in in* 
cubation mixture 


Ion ( Substance used 




0.00002 

M 

0.0002 if 

0.002 if 

0.01 M 

0.02 M 

Cu 

Copper sulfate 

90 

100 

100 

100 

100 

F 

Sodium fluoride 

52 

95 

100 

100 

100 

Zn 

Zinc sulfate 


96 

100 

100 

100 

Ag 

Silver nitrate 


100 

100 



Hg 

Mercuric chloride 


98 

100 



Fe 

Ferric alum 


0 

57 

100 


11 

Ferrous ammonium sulfate 


0* 

53 

60 


Co 

Cobalt sulfate 


60 

94 

100 


Mn 

Manganese nitrate 



75 

100 


A1 

Potash alum 



0 



Be 

Beryllium chloride 



31 


74 

Ba 

Barium chloride 



60 

75 

80 

Ca 

Calcium chloride 



80 

100 

100 

CN 

Potassium cyanide 

0* 

0* 

0 


80 

Alloxan 


j 


21 

i 

100 

Iodoacetate j 

Sodium salt 



18 


61 

Arsenate 

tt tt 



66 

75 

80 

Arsen ite 

<< tt 




21 | 

33 

Citrate 

ti tt 



10 j 

40 i 

90 

Oxalate 

tt tt 



0 

20 

60 

Malonate 

tt it 



10 

30 

70 

Succinate 

tit t 



0 

0 

0 

Tartrate 

tt tt 



0 

0 

10 

Formaldehyde 





90 

96 

Sulfanilamide 


! 


0 

0 

0 

Hydroxylamine 

1 



0 

0 

0 

Semicarbazide 




0 

0 

0 

Hydrazine 

1 



0 

0 

0 


* Slight activation. 


the enzyme assayed. Controls without the inhibitor and blanks with the 
substrate added just before the trichloroacetic acid were set up simul¬ 
taneously. From the results the percentage inhibition was calculated. 
Table IV illustrates the summary of the results obtained. 
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Metallic Inhibitor* • 

Most of the heavy metallic ions in moderately low concentrations pre¬ 
cipitate proteins. Cu, Hg, Ag, and Zn were found to inactivate the enzyme 
in extremely low concentrations, probably by denaturing the enzyme pro¬ 
tein. Zn gave viable protein precipitation in 0.001 M concentration. It 
also gave almost complete inhibition in 0.0002 m concentration, whereas 
higher concentrations are reported to be required to inhibit the yeast pyro¬ 
phosphatase (5). Cobalt and manganese also are fairly inhibitory, cobalt 
more so than manganese. Id this connection it might be mentioned that 
Pett and Wynne (4,13) reported appreciable activation of several bacterial 
pyrophosphatases by zinc in low concentrations, in some cases more than 
that due to magnesium. Hove el al. (14) working with purified alkaline 
phosphatase showed that appreciable activation of the enzyme could be 
obtained with minute amounts of zinc (0.04 mu) and also with manganese, 
and that glycine, alanine, and other a-amino acids would “coactivate” the 
zinc activation. King el al. (8) also reported activation of erythrocyte acid 
phosphatase by manganese. But Schmidt and Thannhauser (12) working 
with purified intestinal alkaline phosphatase could not demonstrate any 
activation with either zinc or amino acids. We found (data not included 
in Table IV) that minute quantities of zinc, manganese, glycine, and alar 
nine, produced definite, though very small, activation of erythrocyte pyro¬ 
phosphatase only in the presence of magnesium. Probably the effect would 
be more marked on the purified enzyme. 

Ferric ion was more inhibitory than ferrous ion, but neither produced 
inhibition at low concentrations in which the other heavy metallic ions 
showed almost complete inhibition. Ferrous ion was found to cause slight 
activation when it was employed in very low concentrations (0.0002 m), 
but only in the presence of magnesium. The slight stimulatory effect 
might be due to regeneration of some of the groups that might be present 
in the oxidized form. Aluminum was tried but no inhibition could be 
obtained. As it forms the hydroxide at the pH employed, it was used only 
in the form of a suspension. Higher concentrations of aluminum were not 
tried. 

Effect of Calcium, Barium, and Beryllium —Calcium-magnesium antag¬ 
onism is recognized in many of the enzyme reactions in which one of the 
ions is an activator. Thus the adenosinetriphosphatase of myosin is 
activated by calcium and inhibited by magnesium, but the same enzyme 
derived from electrical tissue is activated by magnesium and inhibited by 
calcium (15); the process of plasma clotting is activated by calcium and 
inhibited by magnesium (16,17); the pyrophosphatases of liver and electri- 
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cal tissue (15) and of yeast (5) are activated by magnesium and inhibited 
by calcium. With erythrocyte pyrophosphatase also it was found that the 
magnesium-activated enzyme could be completely inhibited by calcium. 
Fig. 6 illustrates the results obtained with calcium, barium, and beryllium 
as inhibitors of the magnesium-activated enzyme. In these experiments, 



QnhibitqiQ 

(ACTiVATO!?! 

Fig. 6 . Antagonism of magnesium with Be, Ba, and Ca. 0.5 ml. of enzyme (1:10 
red blood cells), 3 ml. of buffer (pH 7.6), 0.5 ml. of 0.01 m pyrophosphate, and varying 
concentrations of Mg, Ba, Ca, and Be. Final volume, 5 ml. Incubation period, 
30 minutes. Same enzyme preparation in each case. O, magnesium concentration 
constant (0.02 m), X, calcium concentration constant (0.002 m), #, higher concentra¬ 
tions of both calcium and magnesium. 

the activator and its antagonist were added at the same time, and, without 
prior incubation, the enzyme was assayed. In estimating phosphorus in 
those experiments in which higher concentrations of barium were used, we 
had to add a couple of drops of magnesium sulfate (saturated solution) 
before precipitating the proteins with trichloroacetic acid, as otherwise the 
barium would cause turbidity when molybdate in sulfuric acid was added. 
Beryllium was tried only as a suspension, since it was not possible to get a 
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clear solution at pH 7.6. From Fig. 6 it can be seen that barium and 
beryllium also inhibit in the same concentration range as does calcium, but 
they are less effective, and complete inhibition could not be obtained even 
at 0.02 m, whereas calcium produces complete inhibition at 0.01 m. 

A number of experiments were done with constant magnesium concen¬ 
tration (0.02 m) and varying concentrations of calcium, and with constant 
calcium concentration (0.002 and 0.004 m) and varying magnesium con¬ 
centrations, and with uniformly increased concentrations of both to give 
Ca :Mg = 0.1 to 1.0 m magnesium. The results are summarized in Table V. 

From Table V it can be seen that only less than 20 per cent activity 
remains at Ca:Mg = 0.1. Higher concentrations of calcium with pro- 

Table V 


Inhibition of Magnesium-Activated Enzyme with Different 
Concentrations of Calcium 


Concentration of 
magnesium 

Ca:Mg 

Activity, per cent 
of standard assay 

Concentration of 
calcium 

Ca:Mg 

Activity, per oent 
of standard assay 

0.02 

0.1 

19 

M 

0.002 

0.05 

32 

0.02 

0.2 

12 

0.002 

0.033 

34 

0.02 

0.3 

4 

0.002 

0.025 

41 

0.02 

0.4 

3 

0.002 

0.02 

43 

0.02 

0.5 

2 

0.004 

0.1 

19 

0.02 

0.75 

0.6 

0.004 

0.066 

26 

0.02 

1.0 

0.5 

0.004 

0.05 

30 




0.004 

0.04 

36 




0.006 

0.1 

15 




0.008 

0.1 

15 




0.01 

0.1 

14 


portionate increase in magnesium concentration produce further reduction 
in activity, and with weaker and older enzyme preparations the calcium 
effect was found to be still more pronounced. Further, it was found that 
incubation with both calcium and magnesium for 15 minutes prior to the 
assay gave in some cases almost complete inhibition with Ca:Mg = 0.1. 
This point strongly suggests that calcium competes with magnesium for 
some active centers of the enzyme. It was also found that by using 
higher concentrations of the substrate the same extent of inhibition, i.e. 
about 75 per cent with 0.006 m substrate and about 85 per cent with 0.001 
m substrate, was observed, thereby supporting the point that the calcium 
inhibition due to substrate depletion must be slight, and that calcium 
essentially competes with magnesium for some active centers on the en¬ 
zyme surface. 

In view of the activation of the enzyme by sodium taurochdate, we tried 
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to determine whether bile salt could remove the calcium adsorbed on the 
enzyme surface and thus prevent inhibition. The results are presented in 
Table VI, from which it will be noted that bile salt has very little effect. 
Calcium evidently has a great affinity for some active centers on the 
enzyme surface. It is also evident from Table VI that calcium inhibition 
is mainly due to its competition with magnesium for the active centers of 
the enzyme, and not for the substrate. 

Though Be, Mg, Ca, and Ba belong to the same group in the periodic 
table, the action of calcium seems to be more specific as a divalent activator- 
competitor. Calcium is physiologically an essential element having a very 
wide distribution, and the concentration of calcium is always more than 

Table VI 

Effect of Bile Salt on Calcium Inhibition of Magnesium-Activated Enzyme 
0.5 ml. of enzyme, 1 ml. of 0.1 m magnesium, and substrate and buffer to 5 ml. 
Two strengths of the substrate were employed to give final concentrations of 0.001 m 
and 0.004 m pyrophosphate. When calcium or bile salt or both were added, the 
volume of the buffer was reduced to give a final volume of 5 ml. In the latter cases 
the enzyme was incubated with the reagents for 15 minutes prior to the addition of 
the substrate. 


Phosphorus liberated per 1 ml. red blood 
cells 

0.001 m substrate 0.004 h substrate 

Magnesium-activated enzyme 

4* 0.1 ml. 0.1 m 

calcium 

Magnesium-activated enzyme 4- 0.5 ml. 1% 
sodium taurocholate 

Magnesium-activated enzyme 4- 0.1 ml. 0.1 m 
calcium 4- 0.5 ml. 1% sodium taurocholate 


mg. 


2.22 1 

3.24 

0.4 

0.82 

4.08 

4.45 

0.54 

1.2 


that of the magnesium in any tissue. It is still more interesting to note 
that the calcium present in blood is almost exclusively distributed in the 
plasma and not in the erythrocytes. Probably this accounts for the negli¬ 
gible results observed for the plasma pyrophosphatase. 

Effect of Svlfhydryl Inhibitors 

To determine whether the enzyme requires the integrity of SH groups 
for its activity we tried the effect of substances which influence the SH 
groups by oxidation or association. From the following results it can be 
stated that intact SH groups are essential for the erythrocyte pyrophos¬ 
phatase activity. 
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Alloxan, which acts as an oxidant of SH groups in low concentrations, 
gave complete inhibition in 0.02 m concentration. 

Copper, which even in minute amounts is known to react with SH groups 
and thus inhibit all SH enzymes, gave almost complete inhibition in 0.00002. 
u concentration. 

The inhibitory action of iodoacelale is considered to be a relatively slow, 
process (18). But we found that in a concentration of 0.02 m it produced 
about 60 per cent inhibition. 

Dicarboxylic Adds —Hopkins el al. (18) found that the SH enzyme suc¬ 
cinic dehydrogenase was inhibited by malonate, and they regarded the. 
inhibition as due to some effective association of the malonate with some 
active groups of the enzyme, and considered that these active groups are 
possibly the SH groups. Moreover, they stated that the most efficient 
inhibitors of the succinic dehydrogenase are dicarboxylic acids and pyro- 
phosphoric acid, and hence concluded that two acidic groups seem to enter, 
into special relation with the enzyme. We investigated the effect of five 
‘ di- and tricarboxylic acids, viz. oxalic, malonic, succinic, tartaric, and citric 
acids.' Citrate showed more inhibition of the enzyme (see Table IV) than 
did oxalate or malonate, the latter being fairly inhibitory in 0.02 m con¬ 
centrations. But the 4-carbon dicarboxylic acids, succinic and tartaric 
acids, produced practically no inhibition even in 0.02 M concentrations. 
Probably the special configuration of the substance decides its inhibitory 
effects on the enzyme. 

Arsenate and arsenite are generally regarded as SH inhibitors. Pett and 
Wynne (19) have reported that arsenate and arsenite at 0.01 to 0.002 m 
produce appreciable activation (up to 90 per cent) of the ox erythrocyte 
enzyme acting on hexose diphosphate at pH 6.5, but the same enzyme 
acting on glycerophosphate at pH 6.1 showed definite, though slight, 
inhibition. They regard the acceleration caused by these ions as due to 
an effect exercised at some stage of the breakdown of the organic portion of 
the phosphoric ester. We found that both arsenate and arsenite (and also 
neoarsenobilon) show inhibition in low concentrations, and that arsenate 
especially destroys more than half of the activity of the enzyme in 0.002 M 
concentration. 

Fluoride, cyanide, and pyrophosphate ions are supposed to form complexes 
with metal ions, and an enzyme that contains a metallic group as an active 
group is inhibited by these ions. Fluoride completely inhibits the erythro¬ 
cyte pyrophosphatase in extremely low concentrations (0.0002 m), whereas 

* We found that malonate, succinate, and tartrate showed no interference with the 
color development of molybdenum blue, but that citrate and oxalate showed marked 
inhibition, and that the interference was abolished when the concentration of the 
dicarboxyalate was reduced to 0.005 it before the colors were developed. 
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in such low concentrations cyanide showed activation, probably by remov¬ 
ing traces of metallic ions such as copper, or by liberating more SH groups. 
Cyanide and pyrophosphate show inhibition only when their concentrations 
are about 0.04 m. But this inhibition can be completely abolished by 
simple dilution to about 10 times. Probably these two inhibitors form 
some loose complexes with some active groups of the enzyme (perhaps SH 
or metallic groups), and the complex formation may be dependent on the 
concentration of the inhibitor. Hopkins et al (18) stated that malonic and 
other dicarboxylic acids protect succinic dehydrogenase against oxidation 
by oxidized glutathione, presumably by combining with the SH groups of 
the enzyme. The combination is so loose as to be easily disrupted by 
washing. We observed that by dilution it was possible to abolish the 
inhibitory effects of the dicarboxylates, pyrophosphate, and cyanide. 

To find out whether the cyanide and pyrophosphate produce any per¬ 
manent inactivation of the enzyme by prolonged incubation, the following 
experiment was set up. The incubation period was 2 hours, as otherwise 
the enzyme itself shows decrease in activity after longer periods prior to 
assay. Magnesium was not added during the period of incubation, but 
only at the time of the assay. As the enzyme concentration in the incu¬ 
bation mixture was 1:20 erythrocytes, the enzyme retained sufficient 
activity after the 2 hour incubation without magnesium. 

Three tubes were set up as follows, with 1:10 erythrocytes as the enzyme 
and buffer (pH 7.6); Tube A, 3 ml. of enzyme, 1 ml. of buffer, and 2 ml. 
of water; Tube B, 3 ml. of enzyme, 1 ml. of buffer, and 2 ml. of 0.1 m cyanide; 
Tube C, 3 ml. of enzyme, 1 ml. of buffer, and 2 ml. of 0.1 m pyrophosphate. 
All the tubes were incubated for 2 hours at 37°, and then the activity was 
tested on 1.2 ml. aliquots (corresponding to 0.5 ml. of the enzyme); the 
details are summarized in Table VII. 

From the results it can be seen that by dilution cyanide inhibition is 
completely abolished (actually more activity is obtained), whereas the 
pyrophosphate still shows some inhibition. The cyanide-enzyme complex 
is evidently a loose combination which can be resolved easily by dilution. 
These two inhibitors may be producing inhibition in higher concentrations 
by acting differently or on different groups. Since Hopkins et al. (18) 
observed in connection with the inhibitory action of dicarboxylic and pyro- 
phosphoric acids on succinic dehydrogenase that two acidic groups seem to 
enter into structural relation with the enzyme, our results on pyrophosphate 
inhibition as well as that of citrate, malonate, and oxalate may be due to 
such effects. 

From the literature we find that the effect of cyanide on various phos¬ 
phatases is reported to be inhibitory in some cases (2,12) and without any 
effect in others (4, 5). Drill et al . (20) working with dogs produced evi- 
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dence that normal serum contains only a very small amount of cyanide- 
sensitive phosphatase and that the rest is cyanide-insensitive, and that the 
former is increased abnormally in liver damage. 

To ascertain whether the cyanide inactivation is due to interaction with 
CO groups of the enzyme, the effect of certain keto fixatives was tried. 

Keto Fixatives —Hydrazine, hydroxylamine, and semicarbazide were used 
as keto fixatives by Taylor and Gale (21). We tried all three in varying 
concentrations and found that none gave any inhibition, showing that the 
enzyme does not require the integrity of CO groups. Higher concentra- 

Table VII 

Enzyme Activity after S Hours of Incubation with Cyanide 
and with Pyrophosphate 

Solution A, enzyme incubated with water for 2 hours; Solution B, enzyme in¬ 
cubated with cyanide; Solution C, enzyme incubated with pyrophosphate. 

, Phosphorus liberated 
per 1 ml. red blood cells 


I mg. 

1.2 ml. Solution A, 1 ml. 0.1 m Mg, 0.4 ml. 0.1 m cyanide, 0.5 2.46 

ml. 0.01 m pyrophosphate, buffer to 5 ml. 

1.2 ml. Solution B, 1 ml. 0.1 M Mg, 0.5 ml. 0.01 m pyrophos- 2.58 

phate, buffer to 5 ml. 

1.2 ml. Solution A, 2 ml. 0.1 m Mg, 0.4 ml. 0.1 m cyanide, 1 2.67 

ml. 0.01 m pyrophosphate, buffer to 10 ml. 

1.2 ml. Solution B, 2 ml. 0.1 M Mg, 1 ml. 0.01 M pyrophos- 3.00 

phate, buffer to 10 ml. 

1.2 ml. Solution A, 1 ml. 0.1 m Mg, 0.4 ml. 0.1 m pyrophos- 1.35 

phate, buffer to 5 ml. 

1.2 ml. Solution C, 1 ml. 0.1 u Mg, buffer to 5 ml. 0.90 

1.2 ml. Solution A, 2 ml. 0.1 m Mg, 0.4 ml. 0.1 M pyrophos- 2.70 

phate, buffer to 10 ml. 

1.2 ml. Solution C, 2 ml. 0.1 m Mg, buffer to 10 ml. 1.77 


tions of hydrazine could not be used, as it interferes with phosphorus 
estimation. 

Formaldehyde Inhibition —Gould (22) studying the action of nitrous acid 
and formaldehyde on various phosphatases showed that amino groups are 
essential for the activity of bone, kidney, and intestinal phosphatases. He 
further observed that crude preparations of the enzyme are more sensitive 
to low concentrations of formaldehyde than are purer preparations. He 
suggested that formaldehyde acts on protein associated with the enzyme 
in the crude preparation. Hove et al. (14) found that amino and carboxyl 
groups in the a position are coactivators in the activation of dialyzed 
intestinal phosphatase by zinc. Abul-Fadl and King (23) have recently 
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reported that formaldehyde inhibits erythrocyte acid phosphatase, while 
prostatic acid phosphatase is quite unaffected. 

From Table IV it can be seen that 0.01 m formaldehyde produces almost 
complete inhibition of the erythrocyte pyrophosphatase. Both the reaction 
time and the concentration Of the formaldehyde used by us were less than 
those employed by Gould (0.33 to 0.1 m formaldehyde; reaction time from 
6 to 24 hours). 

Miscellaneous —Sulfanilamide, creatine, and creatinine were tried and 
found to have no effect on the enzyme. The amount or strength of the 
pyrophosphatase does not seem to be constant in all persons. A difference 
in the pyrophosphatase activity of the red cells of different species of ani¬ 
mals has also been observed, as in the case of the alkaline phosphatase 
observed by Jenner and Kay (2). The red cells of goat, sheep, rabbit, dog, 
guinea pig, and man have been examined, and of these guinea pig corpuscles 
were found to contain the most active enzyme. 

DISCUSSION 

It has been shown that the red blood cell pyrophosphatase requires mag¬ 
nesium as a coenzyme and that calcium acts as a competitive inhibitor. 
It was also indicated that the activator-substrate combination produces 
m aximum hydrolysis of the substrate. However, both the substrate and 
the activator produce inhibition above certain concentrations, the substrate 
inhibition being much more than that due to the activator. 

Bile salt enhances the enzyme activity only in the presence of magnesium, 
and it has practically no effect in the absence of magnesium. Evidently 
the function of bile salt is to render more of the enzyme surface accessible 
to the activator and the substrate. 

The results of various SH inhibitors suggest that erythrocyte pyrophos¬ 
phatase may be an SH enzyme. All reagents reacting with SH produced 
inhibition. Arsenite, which is supposed to be an efficient SH reagent, pro¬ 
duced only slight inhibition. Zittle et al. (24) have recently reported that 
0.002 m arsenate inhibited the breakdown of di- and monoesters of phos¬ 
phoric acid (poly- and mononucleotides), whereas arsenite produced no 
inhibition even in 0.0025 m concentration, and they considered that the 
usual SH inhibitive effects of arsenate and arsenite were not involved in 
their experiments. Further they concluded that arsenate inhibition was 
not due to competition of the inhibitor with the substrate. Barron et al. 
(25) found that the SH enzyme succinic dehydrogenase was inhibited only 
to a small extent by arsenite when compared to lewisite inhibition. The 
arsenite inhibition of SH enzymes may not after all be so specific as it was 
generally assumed. 

Though fluoride inhibition indicates the possible presence of a metallic 
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group, the pyrophosphate and cyanide inhibitions might not have been due 
to formation of any metal complexes, as the inhibitions in both the latter 
cases could be completely abolished by dilution. 

The formaldehyde inhibition indicates that intact amino groups in the 
enzyme preparation may be essential.. However, the importance of amino 
groups cannot be assessed unless purified enzyme is tested. The possi¬ 
bility that denaturation of the protein component of the enzyme is the 
cause of the inhibition cannot be overlooked. 

summary 

1. Erythrocytes are found to contain a pyrophosphatase which is prac¬ 
tically inactive without added magnesium, but shows marked activity in 
the presence of 0.02 m magnesium chloride. 

2. The optimum pH lies in the range of 7.4 to 7.8. 

3. The enzyme deteriorates rapidly when kept at 37°, but in the presence 
of magnesium it seems to retain some of its activity. 

4. The enzyme action diminishes with higher concentrations of the acti¬ 
vator or the substrate. 

5. Magnesium activation of the enzyme is antagonized by calcium or 
barium. 

6. Magnesium activation of the enzyme is enhanced in the presence of 
bile salt. 

7. The enzyme is inactivated by minute amounts of heavy metals and 
fluoride. Cyanide, arsenic compounds, formaldehyde, and some dicar- 
boxylic acids inhibit the enzyme acitivity. 

8. The inhibition of the enzyme by copper, iodoacetic acid, alloxan, etc., 
suggests that the erythrocyte pyrophosphatase may be an SH enzyme. 
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It is recognized generally that a qualitative and quantitative knowledge 
of the excretion pattern of the urinary estrogens is one index to an under¬ 
standing of the functional activity of the ovary and adrenal cortex. Ob¬ 
viously, such determinations may be useful also in evaluating the normal 
and abnormal functions of other physiologically related endocrine glands 
as well as of organs like the liver and kidneys. The clinical applications 
of these data are self-evident. 

Various attempts have been made to circumvent the notoriously inac¬ 
curate values which have been obtained for the urinary estrogens by a 
variety of bioassay methods and colorimetric techniques (1, 2). The 
acknowledged shortcomings of these methods have led us to investigate the 
application of ultraviolet absorption spectrophotometry to the quantitative 
determination of the urinary estrogens in an attempt to develop an objective 
physical method for their accurate determination. It is known that the 
infra-red portion of the spectrum yields more differentially characteristic 
curves, but those of the ultraviolet range are more readily obtainable, and 
consequently better adapted to clinical use. 

This communication is concerned with studies of the following aspects 
of the problem: (1) spectrophotometric identification and quantitative 
micro determination of crystalline estrogens; (2) detection by spectro¬ 
photometric assay of gross errors in current methods for extraction and 
partition of estrogens; (3) studies on the ultraviolet absorption of sub- 

* These studies were supported in part by Ciba Pharmaceutical Products, Inc., 
to whom we express our appreciation. We are also indebted to Ciba Pharmaceutical 
Products, Inc., for the estradiol, to Dr. Gregory Pincus for the estrone, and to Parke, 
Davis and Company for the estriol used in these experiments. 

m 
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stances comprising the background material; (4) separation of the phenolic 
estrogens from the so called neutral steroid fraction; (5) separation-of 
urinary estrogens from other urinary phenolic substances by steam dis¬ 
tillation; ( 6 ) micro-Girard separation of estrone from estradiol; (7) an 
essentially new method for the extraction and partition of crystalline 
estrone, estradiol, and estriol, and their quantitative assay by ultraviolet 
spectrophotometry. 

Spectrophotometric Identification and Quantitative Microdeterminalion of 
Crystalline Estrogens 

Ultraviolet absorption spectra of chemically pure crystalline estrone, 
estradiol, and estriol were determined with the Beckman quartz spectro¬ 
photometer. The region from 226 to 300 mu was investigated, and 
curves were constructed from points determined at intervals of 2 m/j. The 
corrected constant melting point of each of these compounds was deter¬ 
mined in order to establish the purity of the compounds. These values 
were found to be 258° for estrone, 273-274° for estriol, and 176.7° for 
a-estradiol. 

Experimental Procedures —4 or 5 ml. of U. S. P. 95 per cent ethyl alcohol 
were useid throughout these experiments as a solvent for the residues of the 
substances that were subjected to ultraviolet spectrophotometry. This 
solvent has the advantage of being transparent from the visual range to 
200 m ix. The alcohol was not redistilled, because its use as the blank for 
the setting of the spectrophotometer compensated adequately for the 
insignificant amount of absorption due to its impurities. All of the experi¬ 
ments currently reported were controlled in this fashion. 

25 mg. of each of the three estrogens were dissolved in 95 per cent ethyl 
alcohol and made up to volume in a 25 ml. volumetric flask. Aliquot 
portions of each standard were diluted quantitatively subsequently to give 
concentrations of 125, 100 , 75, 50, 25, and 12.5 7 per ml. These dilutions 
were used in the construction of the individual calibration curves. 

Results —The ultraviolet absorption curves of estrone, estriol, and estra¬ 
diol were found to be very similar. Our observations are in essential agree¬ 
ment with those in the literature (3-8) in so far as the general shape of these 
absorption curves is concerned. The estrone and estriol are characterized 
by a minimal density at 248 mu and maximal densities between 280 and 
282 mu with a secondary peak at 288 mju. Another maximal density is to 
be found below 230 mu. Estradiol shows the same peaks as estrone and 
estriol, but the lowest extinction occurs at 252 m/i. The secondary peak, 
which was observed at 288 m^ in the curves for all three estrogens, is to be 
found in the absorption curves for estrone published by Hogness et al. (3), 
Mayneord and Roe (4), and Callow (5), although they do not call attention 
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to this point specifically in their texts. The constancy of the appearance 
of this secondary peak in the curves for all three estrogens suggests that it 
may be of significance in connection with the molecular structure of these 
substances. Between 280 and 288 m/i, our absorption curve for estrone is 
in general accord with that of Heard and Hoffman (6), but it differs con¬ 
siderably from the characteristics of their curve below and above these 
points. 

Although the data in the literature indicate that the spectrophotometric 
curves for estrone, estradiol)' and estriol are essentially identical, we have 


Table I 

Differences in Densities and Molecular Extinction Coefficients 
of Estrogens at £80 m/i 


Estriol 


i Estrone 

Estradiol 


Density 


Density 


Density 

7 per ml. 

100 7 per ml. 

7 per ml. 

100 7 per ml. 

7 per ml. 

100 7 per ml. 

25 

j 0.716 

25 

0.760 

50 

0.754 

50 

0.664 

50 

0.760 

52 

0.709 

52 

0.664 

75 

0.774 

75 

0.717 

76 

0.713 

98 

0.793 

99 

0.707 

92 

0.714 

100 ! 

0.758 

100 

0.689 

100 

0.682 

103 

0.779 

101 

0.724 

101 

0.710 

> 107 

! 0.769 

105 

0.734 

104 

0.7134 | 

125 

0.740 

112 

0.734 

108 

0.708 



125 

0.736 

125 

0.690 





Average .. 

0.700 

j 

0.767 


0.729 


2000 

i 

i 2073 

! 


1970 


* e *= (1 fcx) logio (It/I.), in which e ■* molecular extinction coefficient, c gm 
molecules per liter, x = width of cell in cm., logio (It/I.) *■ density. 


found a significant difference in the density per unit weight at a given con¬ 
centration at 280 m/i (Table I). The average density values for 100 y per 
ml., as determined by a series of experiments of varying concentrations, 
are 0.700 for estriol, 0.767 for estrone, and 0.729 for estradiol. These differ¬ 
ences are not due solely to differing molecular weights. Apparently, the 
carbonyl group in Ring D of estrone enhances its density at 280 m/i, because 
this group exhibits an absorption maximum in that region. On the other 
hapd, the hydroxyl groups in Ring D of estriol and estradiol show a maximal 
absorption at 186 m/i, and therefore do not influence the density values at 
280 m/i. So far as the difference between estriol and estradiol is concerned, 
one should note that on an absolute weight basis there are a larger number 
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of estradiol molecules than cstriol molecules in a solution of a given con¬ 
centration. This is in accord with the experimental data, which indicate 
that the density of the estradiol solution is greater than that of the estriol 
solution. 

We have also determined that the minimal density of the estradiol differs 
consistently, but not remarkably, from that of the estrone and estriol. 
Since this difference is relatively small, these three estrogens must be 


2001 



Fig. 1. The effect of concentration upon the ultraviolet absorption of estradiol 

separated quantitatively before the spectrophotometric method can be 
used for their determination. 

The effect of concentration of estradiol upon the ultraviolet absorption 
is shown in Fig. 1. As might be expected from the decreased sensitivity of 
the instrument above E = 1.00 and below E — 0.10, the extinction coeffi¬ 
cient is proportional to the concentration only between those limits. 

The peak at 280 m/t was selected for the construction of a calibration 
curve for each of the estrogens (Fig. 2). It is clear from these data that 
the relation between density and concentration follows Beer’s law between 
E = 0.10 and E «* 1.00 at a wave-length of 280 mp. The reproducibility 
of results at a wave-length of 280 mp was tested on 10 successive days with 
each of the three estrogens in dilutions of 100 y per ml. The percentage 
variation from the mean was found to be negligible (Table II). The data 
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on the concentration-extinction relationship in Fig. 2 are not in agreement 
with those of Reynolds and Ginsburg (7). Since they omitted reference 



Fig. 2. Calibration curves of estrone, estradiol, and estriol, respectively, in 96 
per cent ethyl alcohol at a wave-length of 280 my. X ** estrone; O m estradiol; 
• — estriol. 


Table II 

Reproducibility of Density Values for Estrogens at 280 my. 


Estrone 

Estradiol 

Estriol 

Density 

Per cent vari¬ 
ation from 
mean 

Density 

Per cent vari¬ 
ation from 
mean 

Density 

Per cent vari¬ 
ation from 
mean 

0.824 

0.2 

0.708 

0.4 

0J00 

0.4 

0.830 

0.5 

0.718 

1.0 

0.696 

0.3 

0.815 

1.1 

0.709 

0.3 

0.690 

1.0 

0.824 

0.2 

0.705 

0.8 

0.696 

0.1 

0.828 

0.2 

0.708 

0.4 

0.700 

0.4 

0.825 

0.1 

0.712 

0.1 

0.700 

0.4 

0.824 

0.2 

0.720 

1.3 

0.700 

0.4 

0.838 

1.4 

0.712 

0.1 

0.700 

0.4 

0.830 

0.5 

0.712 

0.1 

0.695 

0.3 

0.820 

0.7 

0.710 

0.1 



Mean_0.826 


0.711 


0.697 



to the melting points of their preparations, there is no way of determining 
the purity of the hormones employed in their studies. 
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One may conclude from the calibration curves of Fig. 2 that each of the 
estrogens may be determined with accuracy only in concentrations above 
12 to 15 7 per ml. of alcoholic solution. Various studies indicate that the 
total estrogen excretion in certain phases of the menstrual cycle may be 
such that the concentration of estrogens in the final alcoholic extracts is 
well below this amount. This would make it necessaiy in certain circum¬ 
stances to extract pooled urine specimens of several days excretion in order 
to determine their estrogen content. We have applied the technique of 
lyophilization to urine in order to make it possible to collect and concen¬ 
trate it in relatively large quantities without running the risk of chemical 
alteration of its steroid content (9). 

Detection by Spedrophotometric Assay of Gross Errors in Current 
Methods for Extraction and Partition of Estrogens 

Critique of Currently Accepted Methods for Partition of Estrogens —A 
detailed analysis of the literature on data obtained by methods in general 
use for the partition and assay of urinary estrogens discloses that the 
quantitative accuracy claimed for them is not in accord with the results 
on which this contention is based. The foregoing statement may seem 
startling in view of the wide-spread and relatively unquestioned acceptance 
of these methods. The facts speak for themselves, however. 

Working with aqueous solutions of crystalline estrogens, Cohen and 
Marrian (10) observed that their method of partition yielded a recovery of 
78 to 93 per cent of estriol and 96 to 106 per cent of estrone. Furthermore, 
from the urines to which crystalline estriol and estrone were added, respec¬ 
tively, they recovered 97 per cent of the estriol and 93 per cent of the 
estrone. In the light of what we now know of the expected 20 per cent 
loss of estriol in the Na 2 COa washings, added to the inevitable large loss of 
estriol during a 2 to 4 hour hydrolysis at pH 1 to 2, these high recoveries 
are open to question. As a consequence, one is inclined also to wonder 
about the quantitative accuracy of their values for the recovery of estrone, 
particularly since they themselves have acknowledged that in the estrone- 
estriol partition 20 per cent of the estrone is carried over into the estriol 
fraction. 

Using the Cohen and Marrian technique, except for a recognized improve¬ 
ment in the conditions for hydrolysis, Smith, Smith, and Schiller (11) found 
that the results obtained in exploratory partition experiments , which they 
singled out for special study, could not be duplicated when estrogens were 
submitted to the entire procedure of extraction and partition . They reported 
that the three estrogens could be separated quantitatively when submitted 
to partition alone. However, when carried through the entire procedure, 
they observed that the recovery of estrone was between 60 and 105 per 
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cent, that the recovery for estriol varied between 33 and 103 per cent, and 
that estradiol was recovered in amounts varying from 40 to 09 per cent of 
the added material. 

To explain this discrepancy, Smith, Smith, and Schiller attributed the 
inconsistent results to an inadequate recovery from NaOH of the separated 
estrogens, rather than to the Cohen and Marrian technique of partition. 
Although they claimed uniformly higher recoveries of added estrogens when 
they modified the technique in accordance with their theory, an analysis of 
the data suggests that their conclusions were based on insufficient evidence. 

In view of the foregoing, it would seem that the data in the literature 
have not been examined critically enough. The faot that nearly perfect 
recoveries were obtained under experimental conditions in which sub¬ 
stantial losses are known to occur leads us to question the validity either 
of the methods of assay or the extraction and partition procedures, or both. 
In this connection, one may consider the data published by three reliable 
groups of investigators, who checked the Kober colorimetric assay for 
urinary estrogens against the bioassay method. It is well recognized that 
the Kober reaction is affected by non-estrogenic urinary substances, and 
consequently gives overestimates of the actual total estrogen content. The 
error thus introduced may be one of the factors contributing to the vast 
discrepancies disclosed by the data in Table III. For example, two samples 
analyzed by the bioassay method showed 1.100 and 1.150 mg. of estrone, 
respectively, as compared with 0.672 and 4.140 mg. of estrone determined 
colorimetrically. Reference to the ratios for the Kober colorimetric-bio- 
assay in Table III shows that these difficulties are the rule rather than the 
exception, and that they are of a significant order of magnitude. In spite 
of the fact that perennial attempts have been made to establish the accuracy 
of one of these methods by checking it against the other, the results in Table 
III indicate that this cannot be done. 

Because of the doubt which has been expressed concerning the quanti¬ 
tative accuracy of the bioassay and the Kober colorimetric techniques, and 
because we have demonstrated already that the spectrophotometric method 
can be used for the quantitative assay of crystalline estrogens, it seemed 
advisable to evaluate the efficiency of the currently accepted partition 
methods by this physical means. 

There are in common use today two types of methods for the separation 
of estriol from the estrone-estradiol fraction. This partition is accom¬ 
plished generally by the equilibration of either an alkaline salt or a hydrox¬ 
ide with one of several organic solvents. 

Ultraviolet absorption spectrophotometry, as a method of assay in the 
partition of estrogens, could not be applied satisfactorily to the Cohen and 
Marrian technique because of the toluene used in the procedure. Toluene 



Table III 


Illustrations of Inconstant Relations Between Kober Colorimetric and Bioassay Methods 


Period of gestation 

Estrone 

Estriol 

| Kober 

| Bioassay 

| K:B* 

Kober 

Bioassay 

K:B* 

Cohen and Marrian (10), mg. per 100 ml. urine 

Sample 3f 




0.205 

0.243 

0.84 

44 3f 




0.240 

0.231 

1.04 

« 

0.033 

0.024 

1.38 

0.182 

0.171 

1.06 

44 4f 

0.042 

0.031 

1.36 

0.178 

0.178 

1.00 

“ 6t 

0.071 

0.070 

1.01 

0.316 

0.265 

1.19 

“ 5t 




0.306 

0.218 

1.40 

“ 5t 




0.275 

0.224 

1.23 

“ 5t 




0.280 

0.231 

1.21 

“ 6at 

0.100 

0.107 

0.94 

0.691 

0.624 

1.11 

44 6at 




0.700 

0.607 

1.15 

44 6bt 

0.127 

0.126 

1.01 




44 6bt 

0.100 

0.115 

0.87 




" 7at 




0.680 

0.593 

1.15 

“ 7af 




0.705 

0.558 

1.26 

44 7bf 

0.100 

0.092 

1.09 




“ 8f 

0.127 

0.125 

1.02 

1.070 

1.070 

1.00 

“ 8f 

0.123 

0.121 

1.02 




Smith, Smith, and Schiller (11), 

mg. per 24 hr. sample 


3 mos. 

0.840 

0.060 

14.00 

3.960 

0.146 

27.12 

6J “ 

0.900 

1.300 

0.69 




6 44 

3.020 

2.500 

1.21 

10.800 

10.700 

1.01 

7 44 

2.254 

1.350 

1.68 

13.600 

10.800 

1.26 

8 44 

2.368 

2.450 

0.97 

30.710 

11.800 

2.60 

8 44 

4.270 

5.100 

0.84 

39.979 

24.500 

1.63 

8 “ 

0.672 

1.100 

0.61 

38.000 

10.600 

3.59 

8 44 

4.140 

1.150 

3.60 

36.400 

7.350 

4.95 

41 days before delivery 

1.800 

0.800 

2.25 

14.000 

10.700 

1.31 

22 44 14 44 

3.040 

1.500 

2.03 

11.600 

8.000 

1.45 

15 44 

5.400 

6.600 

0.83 

46.880 

64.000 

0.74 

0 U << ti 

3.600 

2.500 

1.44 

42.080 

21.300 

1.98 

0 it ti it 

2.520 

1.335 

1.89 

34.080 

21.200 

1.61 


Pincus, Wheeler, Young, and Zahl (12), rat units 


Approximately 5th day 

606 

148 

4.09 

647 

148 

4.37 

44 5th 44 

432 

252 

1.71 

1812 

840 

2.16 

4 mos. 

1140 

675 

1.69 




4J « 

1318 

450 

2.93 

1241 

685 

1.83 

5 44 

663 

330 

2.01 

998 

600 

1.66 

51 " 




1463 

1780 

0.82 

6 44 

1044 

550 

1.90 

1788 

2200 

0.81 

7 44 




1502 

1800 

0.83 

7-9 44 

891 

670 

1.33 

5800 

8900 

| 0.65 


* (Colorimetric data)/(bioassay data), t Period of gestation not stated. 
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exhibits a significant optical density between 230 and 290 m p (13), a range 
which includes the absorption peak of the estrogens. The present experi¬ 
ments were limited, therefore, to a consideration of those methods in which • 
cstriol was separated from the estrone-estradiol fraction by the use of 
Na 2 C0 3 and benzene. Consequently, the investigation centered around 
the Mather principle for the partition of estrogens; namely, the use of 
NajCOa to remove estriol from the benzene solution. This principle is 
incorporated in the methods recommended by Pincus (1) and by Bachman 
and Pettit (14). In view of these considerations, one of the methods 
selected for study was the Pincus modification of the Mather technique (1). 
The other method studied spectrophotometrically was that originally 
recommended by Mather (15). Since neither Mather nor Pincus attempted 
any purification of the so called “strong” and “weak” phenolic fractions, 
it seemed feasible to determine whether such a procedure would facilitate 
the application of the spectrophotometric technique to the assay of estro¬ 
gens. The Bachman and Pettit method (14) was used for the process of 
purification after the Mather partition. It was hoped that these steps 
would prepare extracts relatively free from background material, which is 
anathema to the spectroscopist. 

Experimental Procedure —2.569 mg. of estrone, 2.793 mg. of estradiol, and 
2.532 mg. of estriol were each dissolved in 25 ml. of 95 per cent ethyl alcohol. 
20 ml. of each of these solutions were pooled. Two 25 ml. aliquots of this 
pool were evaporated to dryness with suction. The residues of these 
aliquots were subjected to the methods of partition selected for study 
(Tables IV and V). 

Results —The results of these experiments, which are to be found in Figs. 
3 and 4, are clear cut. The following conclusions concerning the estrone- 
estradiol fraction may be drawn from these data: (1) The experimental 
curves (P and M-BP) in Fig. 3 show that the shapes of the curves are 
characteristic of estrogens, and that the minimal and maximal densities 
occur at 248 and 280 mu. (2) Judging by the relatively high level of the 
minimal densities of Curves P and M-BP at 248 and 296 m/u, there is an 
appreciable amount of background material present. Since it is probable 
that the maxima at 280 mp have been affected similarly, the data at this 
point cannot be taken at face value. (3) Because of essentially equal 
amounts of background material, a rough comparison can be made between 
Curves P and M-BP at 280 mp. Judging by the differences between the 
minimal densities of the experimental (P and M-BP) and the standard (S) 
curves, it would appear that about three-quarters of the estrone-estradiol 
mixture was recovered after the Pincus modification, and that approxi¬ 
mately one-half of these estrogens was recovered after the Mather-Bachman 
and Pettit procedure. On the basis of this observation, it occurs to us that 
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whatever one stands to gain by the manifold attempts to remove urinary 
impurities by the Bachman and Pettit procedure may be more than over¬ 
balanced by the losses sustained in these extensive chemical manipulations. 

A similar study was made of the estriol fraction treated by the two 
methods which have been described. Analysis of the curves in Fig. 4 
discloses a marked discrepancy between the density of the absorption 
peaks of recovered estriol (Curves P and M-BP) and that of the standard 
solution (Curve S), which represents the quantity of estriol with which each 
experiment was started. It should be noted in connection with Curves 


Table IV 

Pincu* Modification of Mather Partition 
(1) Residue of 25 ml. aliquot of pooled estrogens 


(3) Benzene phase 


( 2 ) 


Dissolve in 50 ml. benzene; 
extract with 3 X 50 ml. 
0.3 m Na»COt 


(7) Carbonate phase 


(4) Distil to dryness; perform Oirard 
separation on residue 


(8) Acidify with concentrated HC1 
to Congo red; extract with 
4 X 50 ml. Et,0 


(5) Estrone fraction (6) Estradiol fraction 


Aqueous (9) Ethereal phase 
phase I 


discarded 


00 ) 


Distil to 


dryness 


(11) Estriol fraction 


P and M-BP that their configuration is distorted greatly by the background 
material, inasmuch as the characteristic outline of the estrogen curve is no 
longer recognizable. Judging from the amount of background material 
indicated by the readings at 248 and 296 mp, the recovery of estriol is 
practically nil. The latter is not surprising in view of the relatively low 
solubility of estriol in benzene, a point which was not taken into account 
either by Mother or Pincus (15, 1). In confirmation of Bachman and 
Pettit’s (14) observation, we have found that the preliminary solution of 
estriol in alcohol is absolutely essential if estriol is to be taken up by 
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Table V 

Mather Partition with Bachman and Pettit Purification of “Weak" and “Strong" Phenolic 

Fractions 

(1) Residue of 25 ml. aliquot of pooled estrogens 

(2) Dissolve in 100 ml. 0.3 m Na*COj; 
extract with 2 X 50 ml. benzene 


(3) Carbonate phase 

(4) Wash with 25 ml. benzene; add wash 
to benzene phase 

(5) Washed carbonate phase 

(6) Extract with 3 X 50 vol. % Et*0 


Aqueous phase (7) Ethereal phase 

discarded 

(8) Wash with 10 ml. 9% NaHCO* 


Wash discarded (9) Washed ethereal phase 


(10) Distil to dryness; dissolve residue 
in 3 X 25 ml. benzene; wash 
with 10 ml. NaHCO*; extract 
with 3 X 25 ml. H*Q 


Benzene phase (11) Aqueous phase 

discarded | 

(12) Evaporate in vacuo 

(13) Estriol fraction 


(14) Benzene phase 

(15) Wash with 25 ml. NasCO»; add wash 
to carbonate phase 

I 

(16) Washed benzene phase 

(17) Extract with 3 X 50 ml. 2 n NaOH 


(18) 

Benzene phase (20) 

Alkaline phase 

(19) 

Wash with 2 X 

(21) Acidify with 


25 ml. HjO; add 

concentrated 


wash to aqueous 

HC1; extract 


phase; discard 

with 3 X 50 


benzene 

ml. benzene 


Aqueous phase (22) Benzene phase 
discarded | 

(23) Concentrate to 50 ml.; wash 
withH 8 S0 4 (4:5),Na»C0i, 
and 2 X 25 ml. H*0 


(24) Benzene phase Wash discarded 


(25) Distil to dryness; perform Girard 
separation on the residue 


( 26 ) Estrone fraction (27) Estradiol fraction 
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Fia. 3. Comparison of the ultraviolet absorption curve of a standard estrone- 
estradiol solution (Curve S) with the curves representing the amounts recovered 
from identical aliquots by the Pincus modification of the Mather partition (Curve P) 
and by the Mather-Bachman and Pettit partition (Curve M-BP). 
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Fig. 4. Comparison of the ultraviolet absorption curve of a standard estriol solu¬ 
tion (Curve S) with the curves representing the amounts recovered from identical 
aliquots by the Pincus modification of the Mather partition (Curve P) and by the 
Mather-Bachman and Pettit partition (Curve M-BP). 
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benzene quantitatively. These findings also raise a question with regard 
to the efficacy of sodium carbonate for the quantitative separation of estriol 
from estrone and estradiol. 

It is clear from the studies which have been described that one must 
submit to reevaluation the methods currently used for the partition and 
assay of estrone, estradiol, and estriol. The fact that ultraviolet spectro¬ 
photometry provides a sensitive method for the quantitative determination 
of chemically pure estrogens makes it a feasible means for checking the 
accuracy of the partition methods, if one eliminates or reduces to an accept¬ 
able minimum the optical density of the background material. 

Studies on Ultraviolet Absorption of Substances Comprising 
Background Material 

Experimental Procedure —In view of the foregoing findings, and on the 
basis of preliminary exploratory experiments, it seems likely that the back¬ 
ground material, which interferes with a quantitative interpretation of the 
etetrogen absorption curves, consists entirely of substances used in the 
extraction and partition procedure; t.e., reagents and their impurities. 
Consequently, a study was made of the absorption characteristics of these 
reagents and their values for E at 280 mp. The experimental conditions 
under which the reagents were used originally were duplicated carefully. 
Included in these observations were Na 2 HP0 4 and CCI4 (c/. below) for 
reasons which will appear later on in this communication. 

It is well known that petrolatum, rubber, and lubricating greases exhibit 
absorption in the ultraviolet range. It was suspected early in these experi¬ 
ments that stop-cock grease was carried along into the extracts by the 
organic and aqueous alkaline solvents used in the partition and extraction 
of estrogens. An effort was made, therefore, to determine whether or not 
these lubricants interfere with the quantitative determination of the 
estrogens. Aqueous alkaline solutions were passed through stop-cocks 
lubricated with Lubriseal, Trutest, and bentonite-glycerol mixture, respec¬ 
tively. The alkaline solutions were then acidified and extracted with ether. 
The residues after ether distillation were dissolved in 95 per cent alcohol and 
subjected to ultraviolet spectrophotometry. Benzene and ether were put 
through similarly lubricated stop-cocks, and evaporated to dryness subse¬ 
quently. The residues were taken up in alcohol and then studied spectro- 
photometrically. The aqueous and organic solvents were used also in 
testing other substances which belong to classes of compounds that do not 
show significant absorption in the ultraviolet, but which do exhibit lubricat¬ 
ing properties; e.g., powdered agar, granular gelatin, and flaked graphite. 

Results —Of the reagents commonly used in the extraction and partition 
of estrogens the following were found to be relatively free of interfering 
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optical density in the range covered by the ultraviolet absorption curve of 
the estrogens: alcoholic solutions of the residues of U. S. P. ether, freshly 
distilled from ferrous sulfate, Merck’s redistilled thiophene-free benzene, 
carbon tetrachloride freed from carbon disulfide, U. S. P. ethyl alcohol, 
disodium acid phosphate, U. S. P. powdered agar, granular gelatin, flaked 
graphite, c.p. sulfuric acid. 

The successful application of ultraviolet spectrophotometry to the assay 
of urinary estrogens necessitated substitutions for other reagents and sub¬ 
stances exhibiting an optical density of more than 0.1 at 280 m^. Agar 
was adopted instead of the commercial stop-cock lubricants ordinarily used, 
and H2SO4 was substituted for HC 1 . The use of filter paper was omitted 
entirely in view of its contribution to the optical density. Because the 
absorption curve of the carbonate radical was found to interfere with the 
measurement of estrogens at 280 m^, carbonates were omitted from the 
procedure for the extraction and partition of estrogens whenever possible. 
It was for this reason that calcium hydroxide was not used in the removal 
of peroxides from ether, and that No. 10 mesh glass chips washed with 
sulfuric acid, water, and ether were substituted for porcelain boiling chips 
in the distillation of ether from extracts. Moreover, traces of moisture 
were removed from the residues of ether extracts exclusively by suction in 
order to avoid the use of anhydrous sodium sulfate, which may contain 
detectable amounts of carbonate. 

Substitution of Dibasic Sodium Add Phosphate for Sodium Carbonate in 
Partition of Estriol from Estrone-Estradiol Fraction —The foregoing data, 
considered in conjunction with other findings which suggested that sodium 
carbonate may be inefficient in the separation of estriol from estrone and 
estradiol, posed the possibility of substituting sodium acid phosphate for 
sodium carbonate. 

Samples of crystalline estrone, estradiol, and estriol were dissolved in 95 
per cent ethyl alcohol to a concentration of 100 7 of estradiol per ml., 98y of 
estriol per ml., and 103.0 7 of est rone per ml. Since the immediate purpose of 
this experiment was to determine the benzene-sodium carbonate distri¬ 
bution of each estrogen, 5 ml. aliquots of each solution were dried and 
carried independently through the entire partition procedure. The resi¬ 
dues were dissolved in 1.0 ml. of 95 per cent ethyl alcohol, and 100 ml. of 
thiophene-free benzene were added to each. The benzene solutions were 
extracted three times with 50 ml. volumes of 0.3 m NajCOa. The benzene 
phase, containing the estrone-estradiol fraction, was taken to dryness with 
suction on a warm water bath, and the residue thereof was dissolved in 10 
ml. of 95 per cent ethyl alcohol. The aqueous alkaline phase, containing 
the estriol, was acidified with 6 n HjS0 4 to Congo red and extracted with 
four 50 ml. volumes of ethyl ether, which was distilled off subsequently. 
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The residue of the ether extract was dissolved in 6 ml. of 96 per cent ethyl 
alcohol. Spectrophotometric curves were prepared of the alcoholic 
solutions of these organic and inorganic phases. 

The foregoing experiment was repeated with 0.075 and 0.2 u NajHFCh 
in place of 0.3 m Na*CO|. 


Table VI 

Distribution of Estrone , Estradiol , and Estriol between Benzene and Alkali 


Experiment 

No. 

Estrone recovery 

| v Estradiol recovery 

Estriol recovery 

Benzene phase 

Alkaline phase 

Benzene phase 

1 Alkaline phase 

X 

1 

I 

1 

Alkaline phase 

0.3 m Na*CO» 


per cent 

per cent 

Per cent 

per cent 

per cent 

Percent 

1 

90.8 


66.7 

31.7 

2.1 


2 

92.1 


68.6 

33.9 

0 

105.6* 

3 

91.4 

2.4 

68.5 

33.6 

0.6 

98.9 

4 

94.9 

5.1 

70.2 

35.7 

0 

101.7 

5 

94.7 

3.4 

64.5 

33.3 

0 

96.0 

6 

91.5 

3.0 






0.075 m and 0.2 m Na,HP0 4 t 


1 

102.4 

0 

100.0 

0 

8.2 

90.3 

2 

98.7 

0 

102.0 

0 

4.0 

94.8 

3 

100.4 

0 

102.0 

0 

8.6 

90.8 

4 





6.1 

91.9 

5 

101.2 

0.6 

102.1 

i 

0.8 

2.7 

100.4 


* The range of these values is not an indication of the accuracy of this method of 
assay. At this point in the partition the reagent control shows a relatively low dens¬ 
ity reading at 280 m/*, which interferes with the exact quantitative estimation of the 
estrogen content of these samples. This is of no consequence, inasmuch as the estro¬ 
gen content of the sample is not tested for until the end of the procedure, when the 
density of the reagent control is at an optimum level for exact quantitative work. 
The data in this table are of value, nevertheless, since they disclose large enough 
deviations to merit attention. 

f The difference in pH between 0.075 M and 0.2 M Na*HP0 4 is negligible. The 
values lie between pH 8.7 and 8.8. 

Results —The results of the experiments with 0.3 m Na*CO» are recorded 
in Table VI. These data indicate that 0.3 m NajCO, is not a satisfactory 
substance for the partition of estrogens, previous statements in the litera¬ 
ture to the contrary. Approximately one-third of the estradiol is carried 
over into the alkaline phase with the estriol. This results in a large error in 
the determination of the estradiol as well as of the estriol. 

Reference to Table VI discloses, on the other hand, that 0.075 and 0.2 m 
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NasHPO* achieve an acceptable quantitative separation of estriol from the 
estrone-estradiol fraction. Since estradiol is not carried into the aqueous 
alkaline phase, its quantitative recovery is not interfered with. Further¬ 
more, estradiol no longer masks the extent to which estriol is soluble in the 
alkaline solution. The small fraction of estriol, which remains in the 
benzene phase, does not affect the final recovery values for either estrone or 
estradiol, because it is removed later by the discarded Na 2 C0 8 washings 
during the Girard separation. 

It appears, therefore, that the method in common use for the separation 
of estriol from the estrone-estradiol fraction is grossly inaccurate. This 
situation may have been overlooked, because the bioassay method used 
currently for the measurement of these substances is not quantitative as 
compared with the micro precision of ultraviolet spectrophotometry. 

In view of the foregoing, it seemed essential to check up on the accuracy 
of the remainder of the method employed in the separation of the estrogens 
from other urinary materials and from one another. 

Separation of Phenolic Estrogens from So Called Neutral Steroid Fraction 

In general, estrogens have been separated from androgens by one of two 
types of method; viz., simultaneous extraction of the three urinary estrogens 
from an ether or toluene extract of hydrolyzed urine by a given concen¬ 
tration of KOH or NaOH (1, 16-22), or differential extraction of the 
estrogens by two concentrations of alkali (10, 11, 16, 23). The latter 
method, or its modification, involves the extraction of estriol by 0.1 n NaOH 
from ether, and the removal from toluene of the estrone-estradiol fraction 
by n NaOH. The latter leaves the neutral steroid fraction in the toluene. 

Since toluene is known to exhibit interfering absorption over that part of 
the ultraviolet spectrum which is occupied by the estrogen curves (13), it 
was inadvisable to use the ether-toluene method for the separation of 
estrogens from androgens. Consequently, we studied the application of 
ultraviolet spectrophotometry to the other type of method, which involved 
the removal of estrogens by NaOH from an ether extract of hydrolyzed 
urine. 

Experimental Procedure —In order to duplicate as closely as possible the 
steps (Table VII) that are involved in the extraction of estrogens from 
urine samples, an aqueous alcoholic solution of estrone, estradiol, and estriol 
was prepared and subjected to hydrolysis for 10 minutes with 30 volumes 
per cent of 6 n H 2 S0 4 (equivalent to 15 volumes per cent of concentrated 
HC1). The hydrolysate was cooled rapidly and extracted four times with 
20 volumes per cent of ethyl ether. The ethereal extract was washed with 
three 10 ml, volumes of 9 per cent NaHCOa solution to remove acids, and 
the washings were discarded. The ether phase was then extracted three 
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Table VII 

Procedure for Separation of Estrogens from So Called Neutral Steroid Fraction 

(1) 1494 y pooled estrogens in 15 ml. EtOH added to 250 
ml. H 2 0 and acidified with 75 ml. 6 N H*S0 4 


( 2 ) 


Hydrolyze 10 min.; cool; 
extract with 4 X 20 vol. % EtjO 


(3) Ethereal phase 


(4) 


Aqueous phase 
discarded 


Wash with 3 X 10 ml. 9% NaHCO* 
and 2 X 5 ml. H*0 


Aqueous 

phase 

^discarded 


(5) Ethereal phase 


( 6 ) 


Extract with 3 X 20 vol. % 2 n NaOH* 


(7) Ethereal phase 


(12) Alkaline phase 


( 8 ) Wash with 2 X 10 ml. II 2 0; 
add wash to alkaline 
phase 

I 

(9) Washed ethereal phase 

l 

(10) Distil to dryness 

( 11 ) Neutral steroid fraction 


(13) Acidify with 6 n H 2 SO 4 to 
Congo red; extract 
with 4 X 20 vol. % EtjO 

_1_ 


(14) Ethereal phase 


Aqueous 

phase 

discarded 


(15) 


Wash with 3 X 
5 ml. HjO 


(16) Washed ethereal phase 


(17) Distil to 
dryness 


Aqueous 

phase 

discarded 


(18) Estrogen fraction 


* Nineteen experiments were done in all. Three extractions with alkali were used in 
the first two experiments, six extractions with alkali were carried out in the next twelve 
experiments, and four extractions were done in the last five experiments. Concen¬ 
trations of NaOH or KOH varied from 1.5 n to 6 N (see Table VIII). 
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times with 20 volumes per cent of 2 or 2.5 n NaOH solution. The ether 
phase was washed twice with 10 ml. volumes of distilled water, and the 
washings were added to the alkaline phase. The ethereal solution was 
distilled to dryness, taken up in 4 ml. of 95 per cent ethyl alcohol, and the 
ultraviolet absorption curve of this solution was determined. The alkaline 
phase was acidified with 6 n HjSCh to Congo red and extracted four times 
with 20 volumes per cent of ethyl ether. This ethereal extract was washed 
three times with 5 ml. volumes of distilled water, and the ether removed by 
distillation. The residue thereof was dissolved in 4 ml. of 95 per cent ethyl 
alcohol and the ultraviolet absorption curve of this solution was prepared. 

Remits —The results recorded in Table VIII indicate that a significant 
proportion of the estrogenic hormones, amounting approximately to 26 per 
cent of the total estrogen content of the initial sample, is left behind in the 
so called neutral steroid fraction by 2 n or 2.5 n NaOH. 

In order to determine which of the three estrogens, or what combination 
of the three, remained in the organic phase, each of them was subjected to 
extraction from ether by a variety of concentrations of NaOH ranging from 
1.5 to 6 n. 

The results of these studies showed that estriol is extracted from ether 
quantitatively by 1.5 to 2.5 n NaOH. It was apparent, therefore, that the 
26 per cent of estrogen lost in the androgen fraction must have consisted 
either of estrone or estradiol, or both. Because estrone is relatively less 
soluble in alkali than estriol, other experiments were done in which estrone 
was extracted from an ethereal solution by 3 and 6 n NaOH. Estradiol, 
which has an intermediate solubility in alkali, was extracted from an 
ethereal solution by 3 n NaOH. 

The results of this investigation showed that 46 per cent of the estrone 
and 46 per cent of the estradiol were left in the androgen fraction by the 
3 N NaOH, and 81 per cent of the estrone was unextracted by the 6 n 
NaOH. 

One must conclude, therefore, that estrone and estradiol cannot be re¬ 
moved quantitatively from an ethereal extract by four to six extractions 
with NaOH solutions ranging in concentration from 2 to 6 n. Although it 
is possible to effect a quantitative separation under these experimental 
conditions by a considerably greater number of extractions, the latter 
would render the procedure impractical. Confronted with this impasse, 
we sought other means to achieve a quantitative removal of estrone and 
estradiol from an ethereal extract. 

Further Experimental Procedures —The quantitative removal of estrone 
and estradiol from an ethereal extract was accomplished through a reduction 
in the solubility of these estrogens in the organic phase by the addition to 
the ether of carbon tetrachloride, in which estrogens are considerably less 
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soluble (24). Thus the distribution of estrogens between the organic and 
inorganic phases was altered in favor of the latter. 

By trial and error it was determined that a 1:18 ratio of ether to carbon 
tetrachloride results in a quantitative removal of estriol, estrone, and 
estradiol by n KOH. KOH was substituted for NaOH because KOH 
exhibits a slightly greater alkalinity for the same normality. This is de. 

Table VIII 


Separation of Estrogen Fraction from, So Called Neutral Steroid Fraction 


Experi¬ 

ment 

No. 

Estrogen 

Organic solvent 

Alkali 

No. of 
extrac¬ 
tions 

Alkali 

Estro¬ 
gen in 
total 
neutral 
steroid 
fraction 

Estro¬ 
gen in 
estro¬ 
gen 

fraction 









vol. per 
cent 

per cent 

per cent 

1 

Pool* 

EtjO 


NaOH, 2 

N 

3 

20 

37 


. 2 

u 

a 


tt 

2 

tt 

3 

20 

26 

67t 

3 

a 

u 


a 

2.5 

tt 

6 

15 

27 

76f 

•4 

Estriol 

tt 


it 

1.5 

tt 

6 

15 

0 

94$ 

5 

u 

a 


a 

2.5 

tt 

6 

15 

0 

99$ 

6 

Estrone 

tt 


it 

3 

a 

6 

15 

46 

M$ 

7 

a 

a 



6 

tt 

6 

15 

81 

16$ 

8 

Estradiol 

a 



3 

tt 

6 

15 

46 

65$ 

9 

Estrone 

EttO-CCl*, 

1:1 


2.5 

tt 

6 

15 

41 

65$ 

10 

<( 

ft 

1:1 


2 

a 

6 

15 

28 


11 

it 

tt 

1:1 

KOH 

2 

tt 

6 

15 

22 


12 

it 

a 

1:1 

u 

1 

tt 

6 

15 

17 


13 

it 

a 

1:1 

u 

0.5 

tt 

6 

15 

28 


14 

a 

a 

1:9 

it 

1 

tt 

6 

15 

0 


15 

a 

tt 

1:9 

tt 

1 

tt 

4 

15 

3.8 

96$ 

16 

Estradiol 

a 

1:9 

u 

1 

tt 

4 

15 

0 

96$ 

17 

Estriol 

it 

1:9 

tt 

1 

it 

4 

15 

0 

91$ 

18 

Pool* 

tt 

1:18 

tt 

1 

ft 

4 

50 

0.8 


19-25 

a 

a 

1:18 

it 

1 

tt 

4 

50 

0 



* Estrone, estradiol, and estriol in approximately equal amounts, 
t Aliquot of ether extract of acidified alkaline phase. 

| Total estrogen fraction. 


sirable, inasmuch as the salt content of the final residues should be kept as 
low as possible in spectrophotometric work. 

It remained to find out whether or not the androgens are carried over into 
the estrogen fraction, and vice versa, under the foregoing experimental 
conditions. Accordingly, three groups of experiments were set up in which 
single specimens of androgens, pools of androgens, and pools of androgens 
plus estrogens were submitted to the separation procedure. 
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In Experiment 1, an alcoholic solution containing 4.98 mg. of androstereme 
was dried by suction in a separatory funnel. The residue thereof was dis¬ 
solved in ether and carbon tetrachloride, and extracted four times with N 
KOH. The latter pooled aqueous extract was washed two times with 
carbon tetrachloride. This wash was treated as the original organic phase 
and kept separate from it. (Subsequent trials have shown that such a 
wash does not carry estrogens along with it.) The aqueous fraction, ordi¬ 
narily containing the estrogens, was then acidified and extracted with ether. 
The ethereal extract was washed with sodium bicarbonate solution and with 
water and distilled to dryness by steam. The final residue w'as dissolved in 
alcohol, and the solution examined spectrophotometrically. The organic 
fraction containing the androgens was washed with water (the wash being 
added to the original aqueous phase) and dried by suction. The residue 
was dissolved in alcohol in preparation for spectrophotometry. A 5.15 mg. 
sample of isoandrostcrono w r as treated in an identical manner. 

In Experiment 2, a pooled sample of 10.92 mg. of androstcrone and 2.2 
mg. of dehydroisoandrosterone was subjected to the procedure outlined for 
Experiment 1. An identical sample was treated likewise, except that it was 
hydrolyzed for 30 minutes instead of 10 minutes. 

In Experiment 3, two identical aliquots of a pooled sample of estrogens 
and androgens were subjected to the procedure employed in Experiment 1, 
except for the w'ash of the aqueous phase which was omitted. Each ml. of 
this pool contained 10.04 mg. of androsterone, 1.32 mg. of dehydroiso¬ 
androsterone, 29.4 y of estrone, 30.0 y of estradiol, and 29.7 y of cstriol. 

Results —The results in Table IX indicate that the foregoing procedure 
separates androgens from estrogens quantitatively. 

iSeparation of Urinary Estrogens from, Other Urinary Phenolic 
Substances by Steam Distillation 

The foregoing studies with crystalline estrogens have had as their even¬ 
tual goal the application of the spcctrophotometric method to the assay of 
the estrogens in urine. In this connection, one should recall that the ultra¬ 
violet absorption curves characteristic of the estrogens are simulated by 
phenolic substances, including the urinary phenols, in that they show pro¬ 
nounced absorption over the same range of the spectrum with maximal 
density in or about the region of 280 m#* (3, 4, 20). It follows, therefore, 
that the estrogens must be separated quantitatively from the other urinary 
phenolic substances before they can be determined quantitatively by the 
ultraviolet spcctrophotometric method. 

Tin accordance with equations formulated by Naumann (25) and by 
Virtanen and Pulkki (25), it can be predicted that steam distillation can be 
used to effect this separation. 
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Because of the relative insolubility in water and the low vapor pressure of 
the estrogenic phenols, they are practically non-steam-volatile. This may 
be contrasted with the ready solubility and relatively higher vapor pressure 
of the other urinary non-estrogenic phenols, such as phenol and p-cresol, 
which consequently are steam-volatile. In accord with these theoretical 
considerations, Dobriner, Lavin, and Rhoads (20) found that estriol cannot 
be detected spectroscopically in the steam-volatile fraction after steam distil- 

« Table IX 

Separation of Crystalline Androgens from Crystalline Estrogens 

Hydrolysis 


None 


10 min. 
30 “ 


None 
<< 

* These spectrophotometric curves disclose small traces of a residue of carbon 
tetrachloride, which is difficult to get rid of at this point, but which is apparently re¬ 
moved later on in the procedure. This may account for the experimental error repre¬ 
sented by the difference between 100 per cent and these values. The latter cannot 
be attributed to the inefficient separation of estrogens and androgens, inasmuch as 
there is no indication of the presence of a steroid in the contour of the curve repre¬ 
senting the difference between the reagent control and the recovered androgens or 
estrogens. 

latiou, whereas the absorption bands of phenols, such as phenol and the 
cresols, are absent from the non-sleam-volalile fraction after steam distil¬ 
lation. They did not attempt a quantitative recovery of the estriol, which 
may be a necessary step, inasmuch as the steam distillation took place in an 
acid medium in which destruction of estrogens might have occurred. 

The present report deals with two aspects of this problem: (1) to deter¬ 
mine the effect of steam distillation on the quantitative recovery of 
crystalline estrone, estradiol, and estriol; (2) to ascertain whether or not 


Steroids recovered 


Estrogen 

fraction 

Androgen 

fraction 

ptr tent 

0 

ptr ctni 

0 

112 * 

0 

106* 

0 

113* 

107* 

109* 

104* 

112 * 


Experiment No. 


1 . Androsterone, 4.98 mg. 

Isoandrosterone, 5.15 mg. 

2. Each ml. of pooled sample contained 

androsterone 0.905 mg., dehydroisoandros- 
F terone 0.100 mg. 

^Aliquot 1 
41 2 

3. Each ml. of pooled sample contained 

androsterone 10.04 mg., dehydroisoandros- 
terone 1.32 mg., estrone 29.4 7 , estradiol 
30.0 7 , estriol 29.7 7 
Aliquot 1 
“ 2 
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the steam-volatile phenols of hydrolyzed male urine can be separated 
completely from the non-steam-volatile fraction by steam distillation. 

Experiment 1 —Approximately equal amounts of chemically pure crys¬ 
talline estrone, estradiol, and estriol were dissolved in 95 per cent ethyl 
alcohol to make a solution containing 99.6 y of pooled estrogens per ml. 15 
ml. of this solution were placed in a small boiling flask and dried by suction. 
The residue was dissolved in 0.5 ml. of 95 per cent ethyl alcohol, diluted 
with 5 ml. of distilled water, and steam-distilled in an all-glass still to 500 
ml. of distillate. The steam distillation having been completed, the aque¬ 
ous solution remaining in the flask was dried by suction, and the residues 
dissolved in 15 ml. of 95 per cent ethyl alcohol. An absorption curve was 
determined on this solution. * t 

Results —Steam distillation permitted the quantitative recovery of the 
three estrogens with which the experiment was started. Comparison of the 
absorption characteristics of the pooled sample, which had been subjected 
to steam distillation, with that of an identical untreated aliquot disclosed a 
difference of only 0.6 per cent when measured at 280 m/x. 

Experiment 2 —1 liter of male urine was hydrolyzed with 15 volumes per 
cent of concentrated hydrochloric acid for 10 minutes and extracted with 20 
volumes per cent of ethyl ether (24). The ether extract was washed with 9 
per cent sodium bicarbonate solution, and the androgenic fraction separated 
from the estrogenic fraction by n KOH. The alkaline estrogenic fraction 
was acidified and extracted with ethyl ether. The ether was distilled off, 
and the residue dissolved in 50 ml. of 95 per cent ethyl alcohol. The equal 
aliquots of this solution were diluted 10-fold in order to reduce the optical 
density of the latter to a readable level. This dilution factor served also to 
eliminate from spectrophotometric consideration an already relatively low 
content of estrogen, so that this extract contained essentially only non- 
estrogenic urinary phenols. One aliquot was steam-distilled by the method 
described for Experiment 1. Both aliquots were tested spectrophoto- 
metrically. 

Results —In accordance with the observations of other investigators (3 
4, 20), we have found that urinary phenols, other than the estrogens, are 
characterized by ultraviolet absorption curves, which resemble closely those 
of estrone, estriol, and estradiol. Curve A, Fig. 5, represents the ultraviolet 
absorption of the total phenolic fraction of a 1000 ml. sample of male urine. 
The shape of this curve, and the fact that it exhibits minimal density at 
250 m/A and maximal density at 280 ium, endow it with the general and 
specific absorption characteristics of the urinary phenols, which include 
the estrogens. Curve B represents the absorption of this urinary extract 
after steam distillation. It is clear from the shape of Curve B that the 
substances which produced the typical phenolic absorption are steam-vola- 
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tile. This was verified by calculating the difference between Curves A and 
B, the results of which are plotted in Curve C. Curve C is typically phe¬ 
nolic. Although Curve B, which represents the non-steam-volatile fraction, 
does not disclose the presence of phenolic substances, this does not con¬ 
stitute proof of their absence, since the ratio of the density of the urinary 
background material to that of the estrogen content determines whether 
the typical estrogen absorption curve is detectable. It should be noted 
that the foregoing experiment was not meant to be quantitative. It 


IX |- 



WAVC LENGTH IN M/JL 

Fig. 5. Steam distillation of extract of male urine. Curve A, total phenolic frac¬ 
tion; Curve B, non-steam-volatile fraction; Curve C, steam-volatile fraction (Curve 
A minus Curve B). 

was devised only for the purpose of demonstrating what type of absorp¬ 
tion curve is characteristic of the steam-volatile urinary phenols. 

Micro-Girard Separation of Estrone from Estradiol 

Having developed a satisfactory quantitative method for the separation 
of estrogens from androgens, and estriol from the estrone-estradiol fraction, 
it remained for us to check the accuracy of the micro-Girard method, which 
has to do with the separation of estrone from estradiol. Sulfuric acid was 
not substituted for hydrochloric acid, as recommended in other parts of 
the extraction and partition procedure, because its use in the Girard reaction 
is disadvantageous. During this reaction sulfuric acid causes the formation 
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Table X 

Extraction and Separation of Estrogen* from Androgens 


Estrogen sample 

(la) 15 ml. 95% EtOH solution of pooled 
crystallized estrogens 4- 250 ml. 
distilled H*0 4- SO ml. 6 n H 2 S0 4 ; 
hydrolyze 10 min. at 100 °; cool 
rapidly 


(2)*t 


Aqueous phase discarded 


Discard washings 


Control 

15 ml. 95% EtOH 4- 250 ml. (lb) 
distilled H 2 0 4- 80 ml. 6 n 
H 2 S0 4 ; hydrolyze 10 min. at 
100 °; cool rapidly 


Extract with 4 X 20 vol. % EtaO (SFlt) 


(3) Ether extract of hydrolysate 


(4) Wash with 3 X 10 ml. 9% NaHCO, 


(5) Ether extract 


(6) 


Reduce to 3 ml. by 
steam jacket; add 


54 ml. CC1 4 


(7) Ether-CCh 1:18 


60 called Evaporate 
neutral to dryness 
steroid on warm H 2 0 
fraction bath with 

suction; take 
up residue in 5 
ml. 95% EtOH 
(«) (d) 


( 8 ) 


Extract with 4 X 50 vol. 
% 1 n aqueous KOH 


Ether-CCU Wash with 2X4 
extract ml. H z O; add was h 

(1 ; 18) to KOH phase 


Organic Aqueous KOH 
phase phase of estro- 
(ether- genic phenols 
CCU) 


(c) (6) 


(a) (9) 


* Quantitative check by ultraviolet curve on aliquot of ether extract, 
t Quantitative check by ultraviolet curve of fifth ether extract (for completeness 
of extraction). 

J SF 1 represents extraction in a 500 ml. separatory funnel. 




FHIEDGOOD, GAR8T, "AN1> HAAGEN-flMTT 847 

of more interfering background material than ia encountered with the use of 
hydrochloric acid. 


Table XI 

i Separation of Non-Sleam-Volatile Estrogenic Phenols from Steam-Volatile Substances 
(9) Aqueous KOH extract of estrogenic phenols 


(10)* t 


Acidify with 6 n H 2 SO 4 to Congo red; extract with 
4 X "50 vol. % EtjO (SFlf) 


(11) Ether phase 


Discard aqueous phase 


( 12 ) 


Wash with 1 X 5 ml. distilled H*0 


Wash discarded 


(13) Total phenols in Et*0 


(14) 


[Distilled to dryness by steam jacket; taken 
up in 5 ml. 95% EtOH; add 20 ml. distilled 
H 2 0 

(15) Total phenols in aqueous EtOH 


06) 


Steam distil to 500 ml. of distillate, maintain¬ 
ing volume in funnel at 20 ml.; dry by suc¬ 
tion with aid of warm bath 


(17) Residue of non-stcam-volatile phenolic estrogens 
estrone, estradiol, cstriol 


09) 


(IS) Steam-volatile substances 


Dissolve residue in 1 ml. 95% EtOH; add 100 ml. benzene 


(20) Benzene solution of estrogens (SF1J) 


* Quantitative check by ultraviolet curve on aliquot of ether extract, 
f Quantitative check by ultraviolet curve of fifth ether extract (for completeness of 
extraction). 

tSFl represents extraction in a 500 ml. separatory funnel. 


Experimental Procedure —Exploratory experiments to determine the 
accuracy of the Pincus-Pearlman modification (26) of the micro-Girard 
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method were carried out on three samples of estrogens. A pooled sample 
of 500 7 each of estrone, estradiol, and estriol and a single sample of 500 y of 
estradiol were subjected to separation at the point of the benzene-phosphate 
partition; the benzene fraction was carried through the micro-Girard pro- 

Tablk XII 

Separation of Estriol from Estrone-Estradiol Fraction 
(20) Benzene solution of estrogens (SF1*) 

———————-i ■ 

(21) Extract with 3 X 50 ml. 0.075 m NasHPO* 


(22) Aqueous phase, “strong” phenol 
(estriol) (SF2*) 


(23) f Acidify with 6 n H-SO* to 
Congo red; extract with 
4 X 75 ml. Et 2 0 


(24) Ether extract Discard aqueous phase 


(25) Wash with 2 X 5 ml. distilled II 2 O 


(26) Washed ether extract (SF2) Discard 

j washings 

(27) Distil off Et*0; dissolve residue 

in 5 ml. 95% EtOH 


(29) Benzene phase, “weak” phenols 

(estrone, estradiol) 

1 

(30) Reduce volume in SF1 to 25 ml. 

by suction with aid of warm 
H 2 0 bath; transfer directly to 
250 ml. funnel (SF3) and dry 
benzene; rinse SF1 into SF3 by 
3 X 5 ml. 95% EtOH; dry 
EtOH 

(31) Estrogen residue (SF3J) 

(32) SF3 with residue over P 2 Ot in 
vacuum desiccator overnight 

(33) Dry residue of estrone-estradiol 
fraction for micro-Girard (SF3) 


(28) Estriol fraction; read ultraviolet curve 


* SF1 and SF2 represent tw o 500 ml. separatory funnels. 

t Quantitative check by ultraviolet curve of fifth ether extract (for completeness of 
extraction). 

$SF3 represents extraction in a 250 ml. separatory funnel. 

cedure subsequently. A third pooled sample containing 500 7 each of 
estrone and estradiol was subjected to the micro-Girard procedure only. 
The concentration of estrogen in each instance was about 100 7 per ml. 
Results —The results of these experiments were as follows: 
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92 per cent of the estriol from the pooled sample of three estrogens was 
recovered from the phosphate phase. Of the estrogens in the benzene 

Table XIII 

Modified Micro-Girard Separation of Estrone from Estradiol 

(33) Dry residue of estrone-estradiol fraction (SF3*) 

(34) Add 2 ml. glacial acetic acid, then 400 mg. Girard’s 

Reagent T. Stopper funnel with adapter fitted with CaClj 
tube; heat on H 2 0 or glycerol bath at 90-100° for 20 min.; 
cool in desiccator; add 60,ml. ice-cold distilled H 2 0, then 14 
ml. chilled 10% NaOH; mix; extract with 4 X 50 ml. EtjOf 

(35) Ether phase, estradiol fraction (SF3) 

(36) | Wash with 1 X 20 ml. ice- 
cold distilled H 2 0; add 
wash to aqueous phase 

(37) Washed ether extract 

(38) Wash with 1 X 20 ml. 2.5% 

NaaCO* and 3 X 10 ml. II 2 0 

(39) Ether extract Aqueous phase 
(SF3) discarded 

(40) Distil to dryness; dissolve 

residue in 5 ml. 95% EtOII 

(41) Alcoholic solution of estradiol (46) Ether extract Aqueous phafle 

(Read ultraviolet curve) (SF4) discarded 

(47) Distil to dryness; dissolve 

residue in 5 ml. 95% EtOH 

(48) Alcoholic solution of estrone 
(Read ultraviolet curve) 

*SF3 and SF4 represent extraction in a 260 ml. separatory funnel, 
t Quantitative check by ultraviolet curve of fifth ether extract (for completeness of 
extraction). 

phase, 100.4 per cent of the estrone and 103 per cent of the estradiol were 
recovered after the Girard separation. 

97 per cent of the estradiol and 102 per cent of the estrone were recovered 


(42) Aqueous alkaline phase, 
estrone fraction 

(43) Acidify with 12 ml. con¬ 
centrated HC1; keep at 
room temperature for 2 
hrs.; extract with 3 X 
50 ml. EtjO in SF4*f 

i -1 

Aqueous phase (44) Ether extract 

j: - 1 _ j . .— ■ 

(45) Wash with 1 X 20 mb 2.5% 
Na*COs and 3 X 10 ml. 
distilled H 2 0 
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from the pool of these two estrogens after they had been subjected to the 
Girard procedure only. 


Table XIV 

Recovery of Crystalline Estrogens from Aqueous Alcoholic Solution by Proposed 

New Procedure 


Experiment No. 

Amount added 

Remainder 
after removal 
of aliquots 

Amount recovered 



1 

7 

* ! 

1 T 1 

per cent 

Estrone 

| 1 

504 

325 

312 

96.0 


2 

539 

464 ! 

381 

82.0* 


3 

539 

477 

444 

93.0 


4 

539 

477 

441 

92.0 


5 

535 


490 

91.5 


6 

535 


498 

93.0 


7 

535 


535 

99.9 


8 

635 


506 

94.6 

Estradiol 

1 

500 

323 

296 

| 91.6 


2 

513 

441 

358 

81.0* 


3 

513 

454 

436 

96.0 


4 

513 

466 

392 

84.0* 


5 

495 


470 

95.0 


6 

495 


479 

96.7 


7 

495 


495 

100.0 


8 

495 


490 

99.0 

Estriolf 

1 

540 


491 

91.0 


2 

540 

1 

t 

502 

93.0 


3 

540 


509 

98.0 


4 

540 


506 

93.7 


5 ♦ 

540 


517 

95.8 


* Although not a part of the methodology, it was deemed essential to check at 
strategic points the accuracy of the extraction and partition procedure by removing 
and assaying quantitatively aliquot portions of the estrogen pool. The sum total 
of the estrogens removed during these periodic checks was subtracted from the 
airibunt originally added, and the remainder was used as a basis for comparison. 
This added experimental maneuver probably accounts for the occasional low re¬ 
covery values for estrone and estradiol. 

t Prior to these experiments, six determinations were done in which the recovery 
of estriol varied from 82.9 to 89 per cent. Since higher recovery values were obtained 
consistently by increasing the number of extractions in the benzene-phosphate par¬ 
tition from two to three, and lower values were found consistently when the number 
of extractions was limited to two, it is assumed that the low values were due to in¬ 
complete extraction of estriol from the estrone-estradiol fraction. 

Of the estradiol that was carried through the benzene-phosphate par¬ 
tition, none was found in the phosphate phase, in which only estriol is 
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extracted under these conditions. After the Girard treatment, 93 per cent 
of the estradiol was found in the non-ketonic fraction, in which it is to be 
expected, and 5 per cent was lost in the ketonic fraction where it would have 
interfered with the determination of the estrone ordinarily. This Sepa¬ 
ration was carried out with three 50 ml. volumes of ether. Further investi¬ 
gation disclosed that a fourth ether extraction obviated this 5 per cent loss 
of estradiol. Several attempts to detect estradiol in a fifth ether extraction 
failed to disclose its presence, even with the sensitive spectrophotometric 
technique. 

In accordance with our general policy of reducing the number of transfers 
of material from one piece of apparatus to another, all of the steps up to the 
actual separation of estrone from estradiol were conducted in a single 250 
ml. separatory funnel, which was fitted with a straight adapter closed with 
a CaCh tube. The funnel was heated in a horizontal position on a water 
bath at 90-100° for 20 minutes, during which time it was rotated through 
180° every 5 minutes. The neck of the funnel was protected against con¬ 
densation of steam by a cardboard guard. A glycerol bath was found to be 
more satisfactory than the water bath. Because of the size of the funnel, 
it was necessary to increase the volume of glacial acetic acid from 0.5 to 2 
ml., with proportionate increases in the amounts of the other reagents in the 
Girard procedure. 

Essentially New Method for Extraction and Partition of Crystalline Estrone 9 
Estradiol , and Estriol , and Their Quantitative Assay by 
Ultraviolet Spectrophotometry 

A quantitative ultraviolet spectrophotometric method for the assay of 
estrogens was developed on the basis of the data which have been recounted 
in detail throughout this communication. The new features of this method 
included the following: (a) separation of the androgens from the estrogens 
by equilibration between ether-carbon tetrachloride (1:18) and N KOH; 
(6) partition of the estrogens into strongly and weakly phenolic fractions by 
the use of benzene and dibasic sodium acid phosphate; (c) the use of 
specially designed apparatus which makes it possible to reduce to a mini¬ 
mum the number of transfers of extracts and residues; 1 (d) application of 

* We are indebted to Dr. W. Dean Fraser for the design of a special adapter which 
was used to connect an all-glass steam distillation apparatus with a 500 ml. separatory 
funnel, thus obviating the necessity of transferring the residue to a boiling flask. 
Furthermore, a steam jacket, designed to be used on a 5C0 ml. separatory funnel, 
enabled us to reduce the volume of ether extracts directly from the funnel in which 
the extraction was made. Particular attention should be directed to the fact that 
the extraction and partition procedure for each estrogen was performed in a limited 
amount of glassware, which consisted of one boiling flask in which the initial hydroly¬ 
sis was done, two 500 ml. separatory funnels, one 250 ml. separatory funnel, and four 
Erlenmeyer flasks. 
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the sensitive ultraviolet speetrophotometric method of assay for the quanti¬ 
tative determination of crystalline estrone, estradiol, and estriol; (e) adop¬ 
tion of agar as the lubricant for stop-cocks of the separatory funnels, 
because it does not act as an interfering substance from a spectro- 
photometric view-point. 2 

Integrated Experimental Evidence Bearing on Accuracy of New Method — 
Each of eight pooled samples of an aqueous alcoholic solution of crystalline 
estrone, estradiol, and estriol and three single samples of estriol were sub¬ 
jected to the entire procedure outlined in the flow sheets of Tables X to 
XIII. The pooled samples contained approximately 500 y of each estrogen. 
The exact amounts may be ascertained by reference to the detailed data 
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Fig. 6 . Recovery of crystalline estradiol from pool of estrone, estradiol, and estriol. 
Curves Ai and A 2 , estradiol fractions from duplicate pooled samples; Curve C, reagent 
control subjected to the identical procedure. 

(Table XIV). Reagent controls were set up for each of these experiments 
in order to correct for the background material. The density value of the 
curve of the reagent control was subtracted from that of the corresponding 
estrogen curve at 280 my. 

Results —Analysis of the ultraviolet absorption curves of the final resi¬ 
dues of each of the estrogens indicates that the results of these experiments 

* The agar was used in the form of a thin, soft jelly made by adding 75 ml. of dis¬ 
tilled water to 3 gm. of powdered agar. The mixture is heated in an oven at 110° for 
30 minutes and then allowed to stand covered at room temperature for several hours. 
This substance remains soft and ready for use if it is packed into collapsible tubes. 
Agar has the additional advantage of being easily removed from stop-cocks with 
warm water. If it dries on the stop-cock when the funnel is in use, it may be softened 
by introducing a drop or two of water to the surface by capillary action at each end 
of the stop-cock. 
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are reproducible. Reference to Fig. 6 disclosed the quantitative accuracy 
with whieh estradiol may be recovered from equal aliquots of a pooled 
sample of estrone, estriol, and estradiol. Identical experiments aimed at 
the quantitative recovery of estrone and estriol, respectively, yielded 
equally satisfactory results. The same high degree of accuracy, t.e. repro¬ 
ducibility, was achieved in experiments designed to study the optical 
density of the reagent controls for each of these estrogens. Fig. 7 illustrates 
this point for estradiol. Although the absorption curves of the reagent 
controls are of the same order of magnitude, it is advisable to run a reagent 
control on each determination. 

The recovery of estrogens subjected to the foregoing procedure is quanti¬ 
tative, and the results are consistent. Estrone and estradiol were each 
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Fig. 7. Reagent controls subjected to the procedure for extraction and partition 
of estradiol (see Tables X to XIII); four different experiments. 


recovered to the extent of 92 to 100 per cent, and estriol to the extent of 91 
to 98 per cent. 


SUMMARY 

1 . Critical analysis of the literature on data obtained by methods in 
current use for the partition and assay of urinary estrogens discloses that 
the quantitative accuracy claimed for them is not in accord with the results 
on which this contention is based. 

2 . Restudy of the crucial steps contributing to the inaccuracies of 
presently accepted methods led to the adoption of the following new fea¬ 
tures: (a) separation of the androgens from the estrogens by equilibration 
between ether-carbon tetrachloride (1:18) and n KOH; (6) partition of the 
estrogens into strongly and weakly phenolic fractions by the use of benzene 
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and dibasic sodium acid phosphate (0.3 m Na*CO* is not an efficient solvent 
for this separation, because one-third of the estradiol is carried over into the 
estriol fraction); (c) the use of specially designed apparatus which makes it 
possible to reduce to a minimum the number of transfers of extracts and 
residues; (d) application of the sensitive ultraviolet spectrophotometric 
method of assay for the quantitative determination of crystalline estrone, 
estriol, and estradiol. 

3. When subjected to the new procedure, crystalline estrogens were 
recovered quantitatively and the results were consistent. 
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PLASMA INORGANIC IODIDE AS A HOMEOSTATIC 
REGULATOR OF THYROID FUNCTION* 

Br J. WOLFFf and I. L. CIIAIKOFF 

(From the Division of Physiology, University of California Medical School, Berkeley ) 
(Received for publication, February 16, 1018) 

The enzymatic conversion pi iodide to thyroxine and diiodotyrosine is 
one of the mechanisms enabling the thyroid gland to concentrate iodine. 
It will be shown in the present study that this* mechanism is controlled by 
the level of plasma inorganic iodine . 1 Organic binding of iodine within 
the gland can be almost completely blocked by raising the level of plasma 
inorganic iodine above a certain critical level, which for the rat amounts 
to about 20 to 35 7 per cent. The inhibition, however, is not permanent, 
for as soon as the level of plasma inorganic iodine falls below this critical 
.range, the gland again resumes its function of organic binding of iodine. 
These results, therefore, suggest that plasma inorganic iodine acts as a 
homeostatic regulator in the formation of the thyroid hormone. This 
regulator probably serves to prevent the formation of excessive amounts of 
hormone by the gland when the body is suddenly flooded with iodine. 

EXPERIMENTAL 

Long-Evans rats weighing 175 to 225 gm. were used throughout. They 
were injected intraperitoneally with various amounts of iodine in the 
form of KI labeled with I 181 . In no case was the dose of radioactivity great 
enough to produce deleterious effects on the gland during the intervals 
studied . 2 Blood was removed from the heart while the rats were anes¬ 
thetized with sodium pentobarbital (20 mg. per rat). Equal amounts of 
plasma from each of five or six animals were poolod, and 2 cc. of plasma 
were used for duplicate chemical determinations of total plasma iodine ( 2 ). 

The thyroid glands of the rats used in this investigation weighed 10.8 ± 
1.9* mg. per 100 gm. of body weight. Each gland contained approximately 
5 to 10 7 of iodine. 

The thyroid gland of each rat, after it had been rapidly excised and 
weighed, was ground with 1 cc. of cold 10 per cent trichloroacetic acid in 

* Aided by grants from the United States Public Health Service and the Committee 
of Endocrinology of the National Research Council. 

t Rosenberg Fellow of the University of California. 

1 A preliminary report of some of the data presented here has appeared (1). 

* Feller, D. D., Taurog, A., and Jones, H. B ., unpublished observations. 

* Standard deviation «•» y/ (2 J ($< — &)*)fn 

m 
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an all glass homogenizes The precipitate obtained by centrifugation was 
then washed twice with 2.5 cc. of 5 per cent trichloroacetic acid. The 
supernatants were combined for determination of radioactivity; this frac¬ 
tion contains only the inorganic iodine of the gland. The precipitate 
was dissolved in a minimal amount of 2 n NaOH on a steam bath, and a 
suitable aliquot was analyzed for radioactivity; this trichloroacetic acid- 
insoluble fraction of the gland contains only organically bound iodine. 

The absolute amount of the injected iodine recovered in a given fraction 
of the thyroid gland, either total or organically bound, was obtained by 
multiplying the numerical proportion of the injected radioactivity re¬ 
covered in that fraction by the micrograms of I 127 injected into the rat. 
Thus, a recovery of 5 per cent of the administered I 131 in a fraction pre¬ 
pared from the thyroid of a rat that had been injected with 50 7 of I 127 
would mean that 0.05 X 50 or 2.5 7 of the injected l 127 had accompanied it. 
By the use of this labeling procedure, the separation of the amount of 
injected I 127 that entered a gland from that present before the injection 
becomes quite simple. It circumvents the difficulty in making such a 
separation in glands with variable iodine contents. 

In order to test the separation of the gland’s iodine into organic and in¬ 
organic fractions by the procedure described above, several thyroids were 
excised from rats and thoroughly ground with 1 cc. of 10 per cent trichloro¬ 
acetic acid containing 10 7 of I 127 as KI labeled with I 131 . The precipitate 
was washed as described above. Judging from the amount of radio¬ 
activity found in the trichloroacetic acid-insoluble fraction, only 0.05 per 
cent of the added iodide was recovered in what is termed here the organic 
fraction. 


Results 

Five levels of iodine administration were studied, namely 10 , 50, 100 > 
200, and 500 7 , and the results obtained in these five experiments are 
recorded in Figs. 1 to 5. With the exception of the 10 7 dose, the amounts 
injected greatly exceeded the iodine contents of the thyroids of the rats 
used here. In each experiment twenty-five to thirty rats were used, all of 
which were injected with the same amount of labeled I 127 . Each thyroid 
value shown in the figures represents the average of five or six closely 
agreeing measurements obtained from as many rats. 

Administration of 10 7 of 1 127 —Both total and organic iodine of the 
thyroids rose rapidly after the injection (Fig. 1 ). In 2.5 hours, 2 7 of the 
injected iodine had entered the gland, and at this early interval 95 per cent 
of it was already in the organic form. The maximum amount of iodine 
(approximately 6 7 ) was found at the 5 hour interval; this represents about 
60 per cent of the administered iodine. 
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Not only at the very earliest interval but at all subsequent intervals up 
to 50 hours after the injection practically the entire amount of the injected 
iodine acquired by the gland was organically bound. 

At the intervals examined, the total plasma iodine in the rats did not 



Fig. 1. Changes in plasma and thyroid iodine with time, following the injection of 
10 y of iodide in rats. 



HOURS AFTER INJECTION or I'*' 


Fig. 2. Changes in plasma and thyroid iodine with time, following the injection of 
50 7 of iodide in rats. 

attain values in excess of 5 y per cent. It should be recalled that approx¬ 
imately 3 y per cent of this total iodine is protein-bound, whereas the 
remainder is inorganic iodide (2). 

Administration of 50 y of I m —The results shown in Fig. 2 were un¬ 
expected, for less of the injected iodine was found in the thyroids of rats 
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that received SO 7 of I 157 than in those of rats injected with 10 7 . Even 
more surprising was the finding that during the first 5 hours (Fig. 2) most 
of the accumulated iodine was not organically bound. Not until after 5 
hours did the gland begin to convert significant amounts of the injected 
iodide into organic forms. Thus at 12,25, and 50 hours after the injection, 
3.4, 3.9, and 3.7 7 of the injected I 1 - 7 were found in the gland, and 95 per 
cent of these amounts was in the organic form. 

During the time when no organic iodine was being formed, the values 
for plasma iodine exceeded 25 7 per cent. 

Administration of 100 7 of 1 127 —Two separate effects produced by the 
injection of 100 7 of iodine are brought out in Fig. 3: (1) inhibition of 
organic binding of the injected iodine by the thyroid gland during the early 



Fio. 3 . Changes in plasma and thyroid iodine with time, following tho injection of 
100 7 of iodide in rats. 

hours, and ( 2 ) early concentration of the injected iodine in the gland in 
non-organic form. 

Here, as in the preceding experiment, significant amounts of organic 
iodine were not synthesized in the gland for the first 8 to 9 hours, during 
which time the level of plasma iodine exceeded 25 7 per cent. 

^ Table I shows quite definitely that the normal gland possesses a mech¬ 
anism for concentrating iodine that is not dependent upon its organic 
conversion. During the first G hours the concentration of iodine in the 
gland appeared to parallel roughly that in plasma (Fig. 3). A concentra¬ 
tion ratio of approximately 100 to 300 seems to have been maintained during 
this time between gland and plasma inorganic iodine. 

After 12 hours, when the levels of plasma iodine had receded, a gradual 
accumulation of the injected iodine occurred in the gland, but this time 
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94 per cent of the injected iodine present in the gland was organically 
bound. 

Administration of SCO y of I m —The more striking effects observed in 
this experiment were to be expected in view of the high plasma iodine levels 
attained in the rats. The failure of the gland to convert any of the injected 
iodine to organic forms during the first 12 to 13 hours is.clearly brought out 
in Fig. 4. Although in 2.5 hours 3.4 y of the injected iodine were present in 
the gland, practically all of it was inorganic iodide. The early accumula¬ 
tion of the injected iodine in ' 1 the thyroid and its loss reflect the changing 


Table I 

Iodine-Concentrating Capacity of Thyroid Gland While Organic Binding of Iodine 

h Inhibited 


Dose injected 

Interval 

Plaima iodine 

Gland inorganic I»* 
Plaima inorganic 1 |W 

y 

hrs. 

7 ptf 


50 

2.5, inhibited* 

41 

100 


5, inhibited 

34 

250 


7, escape! 

29 

290 

100 

2.5, inhibited 

59 

210 


5, inhibited 

46 

130 


9, escape 

27 i 

190 

200 

2.5, inhibited 

108 

160 


5, inhibited 

93 

100 


13, escape 

20 

150 

500 

2.5, inhibited 

330 

160 


5, inhibited 

253 

130 


17, escape 

32 

220 


* Refers to periods in Figs. 2 to 5 during which organic binding of iodine was 
inhibited in the gland. 

t Interpolated from Figs. 2 to 5; it is the point of inflection in the organic curve 
and represents the time at which inhibition was released. 

level of inorganic iodine in the plasma. During this period the concentra¬ 
tion of inorganic iodide in the gland was 100 to 300 times that of plasma 
(Table I). 

’When plasma iodine had dropped to concentrations at or below 20 y 
per cent (approximately 12 to 13 hours after the injection), the mechanism 
involving the formation of organic iodine in the gland was no longer in¬ 
hibited and organic iodine rapidly accumulated. At the 50 hour interval 
about 7 7 of iodine had entered the gland and nearly all of it was found 
organically bound. 

Administration of BOO y of 7 m —The results of this experiment, shown 
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in Fig. 5 and Table I } are one of the clearest demonstrations of the capacity 
of Ttormal thyroid tissue to concentrate iodine in an inorganic form. 10 y 
of the injected iodine were present in the thyroid gland in 2.5 hours, and 



Fig. 4 . Changes in plasma and thyroid iodine with time, following the injection 
of 200 7 of iodide in rats. 
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Fio. 5. Changes in plasma and thyroid iodine with time, following the injection of 
600 7 of iodide. The plasma value for the 2.6 hour interval is not shown; it was 330 y 
per cent. 


practically all of it was recovered in the trichloroacetic acid-soluble fraction 
prepared from the gland. In 5 hours the amount of the injected iodine in 
the gland fell to 5.8 7 , but again nearly all of it was in the inorganic form. 
By 12 hours the amount of the injected iodine in the gland fell to 1.7 7 , 
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nearly all of which was still inorganic. This precipitous rise and fall in 
the concentration of inorganic iodine in the gland during the first 12 hours 
paralleled the rapid rise and fall in the levels of plasma iodine during this 
time. Thus at 2.5 hours, when the plasma contained 330 y per cent, the 
gland contained 10.2 y of the injected iodine; at the 5 hour interval plasma 
iodine fell to 253 y per cent and the gland iodine to 5.8 7; at 12 hours 
plasma and gland contained respectively 61 7 per cent and 1.7 7. 

The more prolonged inhibition in organic binding of iodine by the gland 
is in keeping with the very large dose of iodine injected. When 50, 100, 
and 200 7 were administered, nearly all of Jbhe injected iodine that had 
accumulated in the gland at the 25 hour interval was organically bound. 
This was not the case when 500 7 of iodine were injected; even as late as 
25 hours only two-thirds of the injected iodine in the thyroid was organically 
bound. This prolongation of the period of inhibition is related, of course, 
to the level of plasma iodine. Since we were attempting to determine 
at precisely what level of plasma iodine the gland is inhibited, it is of in- 
* terest to note that, when plasma contained 19 7 per cent, all of the in¬ 
jected iodine in the gland, namely 8.0 7, was organically bound. Ap¬ 
parently the critical plasma level at which the gland’s activity was in¬ 
hibited was above 19 7 per cent. 

DISCUSSION 

The first indication that conversion of inorganic iodide to diiodotyrosine 
and thyroxine can be blocked in normal thyroid tissue by excessive amounts 
of iodide came from the in vitro experiments of Morton et al. (3). These 
workers demonstrated that, when 300 mg. of sheep thyroid tissue were 
incubated in 3 cc. of a bicarbonate-Ringer’s medium containing 1, 5, 10, 
15, 20, and 50 y of I 117 as inorganic iodide, an inhibitory effect on the con¬ 
version of the Ringer’s I 157 to diiodotyrosine and thyroxine occurred when 
the amount of I 127 exceeded 20 y. 

The results of the present investigation confirm and extend the observa¬ 
tions of Morton et al. (3). They show that the activity of the normal 
thyroid gland, even in situ, is inhibited in the presence of excessive con¬ 
centrations of inorganic iodide. During the first 6 to 12 hours after the 
injection into normal rats of 50,100,200, and 500 y of iodine, the formation 
of organically bound iodine is almost completely blocked. The time rela¬ 
tions shown in Figs. 2 to 5 suggest that this block in the conversion of the 
injected iodide to organic forms is related to the level of plasma inorganic 
iodide. This relation between plasma iodine and thyroid activity is more 
clearly brought out in Fig. 6, in which the concentrations of plasma iodine 
were plotted against the amounts of injected iodine that were organically 
bound in the thyroid glands. Fig. 6 shows that no organic binding of the 
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injected iodine occurred in our experiments so long as the level of plasma 
iodine remained above 20 to 35 7 per cent, and only when the level of plasma 
iodine fell below this range did the gland show any capacity for organically 
binding the injected iodine. 

Thus, the inhibitory effect of excessive amounts of iodide upon normal 
thyroid function has now been established in vivo as well as in vitro and 
for rat thyroid as well as for sheep thyroid. 



Fio. 6. The relation of the level of plasma iodine to the inhibition of organic 
binding of iodine in the thyroid gland. The ordinates represent the micrograms of 
the injected I 1 * 7 present in the organic fraction of the gland. This figure shows that 
organically bound iodine can form in the gland only when the concentration of plasma 
iodine does not exceed 35 y per cent. 

Despite an almost complete block in the gland’s capacity to bind iodine 
organically during the first 6 to 12 hours after the injection of massive 
doses of iodide, the gland does not lose its ability to concentrate iodine 
at such times. The concentrations of inorganic iodine found in the blocked 
gland 4 were roughly 100 to 300 times those in plasma (Table I). There can 
no longer be any doubt, therefore, that even the normal thyroid possesses a 
mechanism for concentrating iodine which is not dependent upon its con¬ 
version to organic forms. A similar mechanism for concentrating iodine in 

4 The thyroid glands of the rata contained comparatively fti*>al1 amounts of in- 
organic iodine before the injections were made. 
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the inorganic form has been demonstrated by Vanderlaan and Vanderlaan 
(4) and by Taurog et al. (5) in the thyroids of rats made goitrous by treat* 
ment with propylthiouracil. Thus, whether the organic binding of iodine 
in the gland is blocked by a goitrogenic substance or by excessive amounts 
of inorganic iodine the thyroid can still concentrate iodine. 

It is plausible to assume that the level of plasma iodine is part of a 
homeostatic mechanism governing hormone synthesis in the gland. This 
level was found to be approximately 20 to 35 y per cent. Since the con¬ 
centration of inorganic iodine, in the thyroid is approximately 100 to 300 
times that in plasma, the inhibitory level inside the gland (undoubtedly the 
immediate agent responsible for this homeostatic control of hormone syn¬ 
thesis by the gland) amounts to approximately 2 to 10 mg. per cent. When¬ 
ever large amounts of iodine are ingested, the animal limits the conversion 
of inorganic iodine to thyroid hormone and is thereby afforded sufficient 
time to rid itself of the excess iodine. By means of this homeostatic regula¬ 
tor the formation of toxic amounts of thyroid hormone is prevented. 

. What is the mechanism by which organic binding of iodine in the normal 
thyroid gland is inhibited by excessive amounts of inorganic iodide? That 
the inhibition operates by suppressing the secretion of thyrotropic hormone 
of the anterior hypophysis would appear to be ruled out by the in vitro 
experiments of Morton et al. (3). But the possibility that the excess iodide 
interferes with the action of the thyrotropic hormone already present within 
the thyroid gland is not excluded. Other explanations, namely (1) iodina- 
tion of enzymes concerned in the conversion of inorganic iodide to diiodo- 
tyrosine and thyroxine and (2) inhibition of the formation of an inter¬ 
mediate in thyroxine synthesis, have been considered by Morton et al. 

Ever since the introduction of iodine therapy for the treatment of Graves’ 
disease by Plummer in 1923 (6), the mechanism by which iodine brings 
about a dramatic remission of signs and symptoms in patients suffering 
from this disease has attracted considerable attention. There can be no 
doubt that under the influence of therapeutic doses of iodine thyroid 
hormone in excessive amounts ceases to be delivered to the circulation 
(7-12). A reversal in the direction in which the hormone is secreted, i.e. 
secretion into the follicle rather than into the blood stream, has been offered 
as an explanation for this iodine effect upon the hyperthyroid state (13). 
It has also been postulated that the therapeutic action of iodine is due to 
the inhibition of the proteolytic enzyme system responsible for the release 
of the follicular colloid (14). While we shall not attempt to evaluate these 
theories, we do believe that our findings, even though they deal with normal 
thyroid tissue, justify the conclusion that an interference in organic binding 
of iodine by the gland is an integral part of the mechanism by which iodine 
brings about a remission in Graves’ disease. According to this concept, 
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inhibition of hormone synthesis by excess iodide is a general property of 
thyroid tissue regardless of its state of activity. 

SUMMARY 

1 . Rats were injected with 10 , 50, 100 , 200, and 500 y of iodine in the 
form of KI labeled with I 181 . The radioactivity served as a measure of 
the amounts of injected I 127 that entered the gland. 

2. So long as plasma iodine remained above 20 to 35 y per cent, or¬ 
ganic binding of the injected iodide in the gland was blocked. Organic bind¬ 
ing of the newly accumulated iodine began to occur only when the level 
of plasma iodine fell below the critical range of 20 to 35 7 per cent. 

3. A homeostatic mechanism is postulated in which excessively high 
levels of plasma iodine inhibit formation of the hormone in the thyroid 
gland. This mechanism helps to explain the beneficial effect produced in 
patients suffering from thyrotoxicosis (Graves' disease) when large amounts 
of iodine are administered. 

4. While the organic binding of iodine is blocked, the gland is still able 
to concentrate iodine. The results presented here thus establish that 
the normal thyroid gland possesses a mechanism for concentrating iodine 
that does not depend upon its conversion to thyroxine and diiodotyrosine. 
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STUDIES ON PROTHROMBIN: PURIFICATION, INACTI¬ 
VATION WITH THROMBIN, AND ACTIVATION 
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Prothrombin, thrombin, fibrinogen, thromboplastin, Ac-globulin, 1 fi- 
brinolysin, antifibrinolysin, antithrombin, antithromboplastin, antihemo¬ 
philia globulin, and heparin are all factors which are known to be a part 
of the blood clotting mechanism. They function either to provide emer¬ 
gency hemostasis or to prevent intravascular clotting. In the laboratory 
their activities are recognized and measured, almost exclusively, either 
by the rate of fibrin formation or by the rate of fibrin disappearance. If 
such observations and measurements involve only the action of one factor, 
reliable conclusions can be made with ease. However, when two, three, 
or more variables are simultaneously involved in a single measurement, 
it is hazardous to attempt an answer to many of the important questions 
which require elucidation. Many of the uncertainties and controversies 
in the literature on this subject are due to the interplay of several variables. 
Usually when one of the clotting factors is obtained in purified form, 
experimental variables can be further eliminated; then a period of rapid 
progress follows and new horizons are seen. 

The purification of prothrombin has presented many formidable diffi¬ 
culties, but it has been possible to report steady progress in an uninter¬ 
rupted effort (1-4) which still requires further work. In the last report 
(4) material of high purity was obtained inconsistently. The variability 
in results could not be explained. Furthermore, the products were un¬ 
stable in solution (5), thus defeating many of the objectives of the work. 
It is now known that the inconsistent results were due to the assay proce¬ 
dure and not to the method of preparation. The activation of purified 
prothrombin with thromboplastin and calcium ions can be accelerated by 
the addition of Ac-globulin (6-8), which, in small amounts, increases not 
only the rate of activation but also the final thrombin yield (7, 8). The 
removal of Ac-globulin during the purification processes results in products 
which are only partially activated in the two stage analytical procedure 

* Aided by a grant from the United States Public Health Service. Parke, Davis 
and Company supplied large quantities of plasma and funds for research. 

1 A factor which acoelerates the activation of prothrombin. 
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(9, 10). The prothrombin products obtained by this method (4) are, 
therefore, more potent than the reports indicate. Usually those prepara¬ 
tions with the lowest apparent activity contain the least amount of Ac- 
globulin. With the aid of a modified two stage technique, in which 
adequate amounts of Ac-globulin are supplied, the last reported method 
(4) has been studied extensively. This method of prothrombin prepara¬ 
tion appears to be the most reliable of numerous modifications which were 
attempted in a study involving the preparation of more than 200 pro¬ 
thrombin products. Improvements in the method, reported herein, have 
been made for the purposes of obtaining stable products and for removing 
the last traces of Ac-globulin. The modifications do not involve elimina¬ 
tion of any further amount of inert material. 

The present paper also includes experiments which show that low con¬ 
centrations of thrombin destroy prothrombin, and medium concentrations 
of thrombin act on prothrombin in a diphasic manner; first, the prothrombin 
becomes refractory to thromboplastin and it later regains the ability to 
form thrombin. High concentrations of thrombin appear to have no 
effect on prothrombin. Experiments are also outlined which demonstrate 
that thromboplastin and calcium ions activate prothrombin in the complete 
absence of Ac-globulin. 

Purification of Prothrombin 

Prothrombin Product 2 is first prepared exactly as described (4). This 
entails, briefly, acid precipitation from diluted oxalated bovine plasma, 
adsorption on magnesium hydroxide, and elution with carbon dioxide 
under pressure. It was demonstrated that this product could be left 
overnight at room temperature without immediate loss of prothrombin, 
but it now appears that, under these conditions, small amounts of thrombin 
are produced which ultimately affect the stability of the final product. 
The appearance of this thrombin is avoided by cooling prothrombin 
Product 2 immediately to 0°. The cooled product may be used at once 
or may be stored for a period up to 15 hours. Insoluble magnesium salts 
and fibrinogen are removed by straining through washed gauze. The 
clarified prothrombin eluate is then fractionated with saturated ammonium 
sulfate solutions exactly as described (4); this procedure eliminates almost 
all of the Ac-globulin. The precipitate obtained after saturation to 65 
per cent is dissolved in 10 cc. of distilled water and dialyzed against dis¬ 
tilled water at pH 7.0 (previous procedure, acidified water) until the 
specific resistance of the prothrombin solution is from 2000 to 3000 ohms 
when measured ,at 5°. This can be accomplished in 1 to 1J hours by 
using the dialysis procedures described (4). Following the dialysis period 
the prothrombin is further purified by acid fractionation at 0°. The pH 
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is brought to 5.4 by adding 0.1 n hydrochloric add -with constant staring. 
A small predpitate which appears is removed by centrifugation. This 
predpitate contains the greater portion of the remaining Ac-globulin plus 
- a small amount of prothrombin. Prothrombin is then precipitated from 
the supernatant fluid by adding acid until the pH reaches 4.6. It is re¬ 
moved by centrifugation and dissolved in 10 cc. of distilled water by 
cautiously adding 0.1 n sodium hydroxide to pH 7.0 to 7.5. The prothrom¬ 
bin may then be obtained in the dried form, without loss of activity, by 
drying from the frozen state.- The products are almost invariably free 
of thrombin and as a result are stable in solution for periods of 24 hours or 
more at room temperature. 

Removal of Ac-Glbbulin Activity from Purified Prothrombin 

The prothrombin products described above contain less than 1 per cent 
of Ac-globulin by weight.* All attempts to remove the remaining Ac- 
globulin by chemical means have failed. In order to eliminate completely 
ttie Ac-globulin activity, a method of heating has been employed. This 
follows the approach of Owren (11) for the removal of Factor V from pro¬ 
thrombin. It was reported in detail before that Ac-globulin is less stable 
to heat than prothrombin (8). At 53°, in neutral distilled water, pro¬ 
thrombin is fairly stable. Ac-globulin activity disappears precipitously 
under these conditions (8). In order to assure complete destruction of 
Ac-globulin activity in the above prothrombin preparations, the latter 
are subjected to a temperature of 53° for a period of 2 hours. Except for 
an occasional loss in activity during the 2 hour heat treatment, the pro¬ 
thrombin does not appear to be damaged in any way. After 30 minutes 
of such treatment it is not possible to detect any Ac-globulin in the products 
by our method of analysis (8). By this method, 1.2 X 10 - * mg. of purified 
Ac-globulin can be detected in 1 cc. of test solution.* Therefore, the pos¬ 
sibility is considered remote than any Ac-globulin remains after the full 2 
hour heat treatment. 

On one occasion some prothrombin was dried from the frozen state 
prior to the 2 hour heat treatment. The snow-white dry material was 
then dissolved in saline and heated at 53° for 2 hours. The Ac-globulin 

‘The dry prothrombin products usually weigh about 75 mg. and oontain approxi¬ 
mately 300 units of Ac-globulin. The best Ac-globulin produets average 330 units 
per mg. of dry weight (8). The latter were estimated to be 50 per cent pure. There¬ 
fore, it follows that an average prothrombin product oontains 0.45 mg. of Ac-globulin 
or 0.6 per cent Ac-globulin by weight. 

• An assay procedure has been developed by which 1/2500 of a unit of Ae-glob- 
ulin in 1 cc. of test solution can be detected. Since our best Ac-globulin products 
average 330 units per mg. of dry weight (8), it follows that 1.2 X 10"* mg. of the 
preparation can be detected in 1 cc. of test solution. 
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was destroyed, as anticipated, but an unexpected drop in prothrombin 
activity was noted. Following that, it was found that prothrombin cannot 
be heated at that temperature in 0.9 per cent sodium chloride solution. 
A comparison of typical results obtained on heating prothrombin in dis¬ 
tilled water and in 0.9 per cent sodium chloride is presented in Table I. 
Heating at 53° is possible in aqueous solutions but not in saline solutions. 

Inactivation of Prothrombin with Thrombin 

Purified prothrombin, as prepared previously, was not entirely free of 
thrombin and was not stable at room temperature (5). When dissolved 
in oxalated bovine plasma, it was stabilized (5). This was thought to be 
due, in part, to destruction of thrombin impurity by plasma antithrombin. 
It was, however, impossible to determine to what extent the instability 

Table I 

Stability of Prothrombin in Distilled Water and in 0.9 Per Cent NaCl at pH 7.S and at 88° 


Time 

Prothrombin content 

Distilled water 

0.9 per cent NaCl 

Mrs. 

units per cc . 

units per cc. 

0 

7200* 

7200* 

1 

7200 

5100 

3 

7000 

2300 

5 

6500* 

1400* 


* No detectable thrombin in solution. 

could be attributed to thrombin, because prothrombin free of thrombin 
was not available. In the following experiments it is shown that as little 
as 1 unit of thrombin associated with 10,000 units of prothrombin is signifi¬ 
cant in causing prothrombin instability. 

In all experiments, the purified prothrombin was dissolved in distilled 
water. The activity was measured by the modified two stage technique 
which supplies Ac-globulin (8). The thrombin added to the prothrombin 
was of high purity, comparable to the material described by Seegers and 
McGinty (12). This added thrombin activity was always measured and 
subtracted from the total prothrombin and thrombin activity. 

In the first experiment (Fig. 1) the prothrombin, free of thrombin, was 
dissolved in water. It was stable for 24 hours. At 48 hours a significant 
decrease in activity had occurred, at which time a trace of thrombin was 
found to have appeared spontaneously in the solution. After 72 hours 1 
unit of thrombin per cc. of solution was present, and the prothrombin 
concentration had decreased to less than 25 per cent of the original. There- 



A. 0. WARE AND W. H. BEEGERS 


m 


after it continued to decrease and the thrombin concentration increased 
until the respective concentrations of prothrombin and thrombin became 
400 and 110 units per cc. on the 8th day. 

In the second experiment (Fig. 2), 13,000 units of prothrombin were 
placed in solution with 10 units of thrombin. Within hours a significant 
drop in prothrombin concentration was found. The activity continued to 
decline and at 19 hours only 1900 units of prothrombin remained. After 
72 hours the prothrombin had increased to 2700 units and the thrombin 
titer had increased to 165 units. 

In the third experiment (Fig. 3) 13,000 units of prothrombin were placed 
in solution with 1000 units of thrombin. In 10 minutes a significant 
decrease in prothrombin activity was found. Only 3200 units remained 



Fig. 1 . Stability of prothrombin, free of thrombin, at 28° in water at pH 7.2. 
Fig. 2. Stability of prothrombin at 28° in water solution with 10 units of thrombin 
per cc. at pH 7.2. 


at 2$ hours, but thereafter the activity began to increase; at 6 hours it was 
5500 units, at 19 hours it was 9300 units, and thereafter it decreased 
slowly to 5450 units in 72 hours. At 19 hours there had occurred a 3-fold 
increase in the original thrombin added. It increased further to 5800 
units, where it remained for the remainder of the experiment. This 
experiment has been repeated many times. The amount of prothrombin 
regeneration and the extent of spontaneous thrombin production vary 
proportionally, within limits, with the original quantity of thrombin 
added. 

In the fourth experiment (Fig. 4) 6000 units of prothrombin were placed 
in solution with 500 units of thrombin. No significant change in prothrom¬ 
bin or in thrombin activity was found for a 72 hour period. 
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Activation of Prothrombin with Thromboplastin and Calcium Ions 

It is of considerable theoretical importance to determine whether pro¬ 
thrombin can be activated in the complete absence of Ac-globulin. The 
prothrombin preparation described above has been shown to be free of this 
factor on the basis of heat inactivation curves and tests which are very 
sensitive to Ac-globulin. Thromboplastin, free of Ac-globulin, was 
prepared as follows by a modification of the sedimentation procedure of 
Chargaff et al. (13). 400 cc. of a crude saline extract of bovine lung (10) 
were centr fuged at 48,000 r.p.m. in a Sharpies supercentrifuge for 30 
minutes. The sediment was suspended in 200 cc. of saline and again 



Fio. 3. Stability of prothrombin at 28° in water solution with 1000 units of throm¬ 
bin per cc. at pH 7.2. 

Fio. 4. Stability of prothrombin at 28° in water solution with 5500 units of throm¬ 
bin per cc. at pH 7.2. 

sedimented by centrifugation at 48,000 r.p.m. for 40 minutes. The 
sediment was then resuspended in saline to make a total volume of 10 cc. 

Our tests showed that this preparation was free of Ac-globulin. This 
thromboplastin preparation was used to activate various prothrombin 
solutions at a temperature of 28°. The prothrombin, having been heat- 
treated as described and dried from aqueous solution, was dissolved in a 
stock solvent, so that when 1 part of the thromboplastin preparation was 
mixed with 1 part of stock prothrombin, the resulting solution contained 
0.15 per cent calcium chloride (approximate^ optimum), 0.9 per cent 
sodium chloride, 5 per cent imidazole buffer by volume, and a thrombo¬ 
plastin concentration approximately 20 times that in crude lung extract. 
The results are described below and are recorded in Table II. 

Experiment 1—1 cc. of stock prothrombin solution containing 16,000 
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Table II 

Formation of Thrombin from Prothrombin, Thromboplastin , and Calcium Ions at Of 


Experiment 

- 

Time 

Pro¬ 

thrombin* 

Thrombin 

Thrombin 




units 
per cc. 

units per cc. 

ptrecni 

yield 

1 

Stock thrombo- 

0 

8000 

0 



plastin 

10 min. 


520 

6.5 



32 . 44 


890 

11.1 



1 hr., 10 min. 


1550 

19.4 



3 hrs., 15 “ 

1700 

3500 

44.0 



6 41 


3800 

47.5 



27 44 

GOO 

2900 

36.0 

2 

Stock thrombo- 

0 

8000 

0 



plastin, heated 

14 min. 


265 

3.3 



27 44 


750 

9.4 



1 hr. 


1380 

17.2 



3 hrs. 

1S00 

3000 

38.0 



6 44 


3800 

47.5 



27 44 

200 

2900 

36.3 

3 

Stock thrombo- 

0 

5 

0 



plastin 

23 min. 


Questionable 




45 44 


Trace 




1 hr., 15 min. 


0.5 

10.0 



3 hrs. 


1.0 

38.0 



6 44 

Trace 

2.1 

42.0 



27 44 

<« 

2.4 

48.0 

4 

Stock thrombo¬ 

0 

5 

0 



plastin diluted 

45 min. 


Questionable 



1600 times 

3 hrs. 


a 




6 44 


a 




27 44 

1 

Trace 


5 

Stock thrombo¬ 

0 

300 

0 



plastin 

20 min. 


7 

2.3 



30 44 


22 

7.3 



1 hr., 10 min. 


59 

19.5 



3 hrs. 

90 

100 

33.3 



5J 44 


105 

35.0 



22 44 

115 

105 

35.0 

6 

Stock thrombo¬ 

0 

300 

0 



plastin diluted 

20 min. 


2 

0.67 


25 times 

35 44 


8 

2.7 



1 hr., 10 min. 


30 

10.0 



3 hrs. 

135 

55 

IS.3 



6i 44 


51 

17.0 



22 44 

130 

70 

23.3 


* The prothrombin concentration was measured with Ac-globulin supplied in the 
two stage assay procedure. Under these circumstances the preformed thrombin was 
subtracted from the total thrombin yield to give the prothrombin concentration. 
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units per cc. was mixed with 1 cc. of thromboplastin solution, giving an 
initial prothrombin concentration of 8000 units per cc. Thrombin was 
produced slowly. At the end of 3 hours and 15 minutes a thrombin yield 
of 3500 units per cc. was found. A prothrombin concentration of 1700 
units per cc., obtained by analyzing in the presence of an excess of Ac- 
globulin, indicated that 2800 units per cc. had been destroyed. At 6 
hours the thrombin yield reached its highest value of 3800 units per cc. 
(47.5 per cent yield); this decreased slightly in 27 hours when there re¬ 
mained only 600 units of prothrombin per cc. of solution. 

Experiment 2 —This experiment duplicated Experiment 1 except that 
the thromboplastin was first heated at 53° for 1§ hours. As compared 
with Experiment 1, there was no significant change in rate and amount of 
thrombin formed or in the amount of prothrombin destruction. Since 
Ac-globulin cannot exist at a temperature of 53°, this experiment is a 
further indication that the thromboplastin preparation was free of this 
factor. 

Experiment 8 —In order to determine the effect of concentrated throm¬ 
boplastin on dilute prothrombin solutions, Experiment 1 was again re¬ 
peated but this time the initial prothrombin concentration was adjusted 
to 5 units per cc. of solution. Thrombin production was quite slow. A 
trace was detected in 45 minutes. This increased to a 10 per cent yield 
in 1 hour and 15 minutes, and a 48 per cent yield developed during a 27 
hour period. Only a trace of prothrombin remained at the 6 and the 27 
hour intervals. 

Experiment 4 —This experiment is presented to demonstrate the interac¬ 
tion of the two proteins in dilute solutions. The prothrombin and throm¬ 
boplastin were mixed in the same proportions as in Experiment 1, but in 
1/1600 of the concentration. There was no thrombin production for 6 
hours and at 27 hours only a trace was found. Only a part of the pro¬ 
thrombin could be accounted for at that time. This experiment is ap¬ 
parently comparable to the ones described by Owren (11), from which he 
concluded that thromboplastin and calcium ions cannot activate pro¬ 
thrombin. 

Experiments 5 and 6 —In these two experiments a prothrombin level 
was selected which is comparable to that in human plasma. In Experi¬ 
ment 5 concentrated thromboplastin was added. Thrombin was produced 
slowly, reaching a maximum 35 per cent yield in 5£ hours. In Experi¬ 
ment 6 the thromboplastin was diluted 25 times, so that the ratio of pro¬ 
thrombin and thromboplastin was again approximately the same as in 
Experiment 1. Thrombin production was somewhat slower than in 
Experiment 5 and the maximum yield (23 per cent) was somewhat less. 
In both experiments comparatively large amounts of prothrombin re- 
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mained at the end of 22 hours. However, as in the other experiments 
there was some destruction of the unconverted prothrombin. 

DISCUSSION 

Seegers, Loomis, and Vandenbelt (4) reported their most active pro¬ 
thrombin preparation to have 15,200 units per mg. of tyrosine.' With 
prothrombin prepared according to their specifications, the amount of 
Ac-globulin in the preparations was insufficient to give maximum thrombin 
yields in the two stage prothrombin analysis. Such preparations, giving 
purity values from 13,000 to 14,000 units per. mg. of tyrosine, were con¬ 
siderably more active when analyzed after supplying an excess of Ac-glob- 
ulin. The specific activity values can be fixed somewhere between 20,000 
and 25,000 units per mg. of tyrosine, but the exact activity must await 
further study. Work now in progress is intended to establish an absolute 
prothrombin unit on a sound basis. This work deals with stability of 
dry prothrombin, reference standards, optimum conditions of activation, 
Seasonal variation in plasma prothrombin concentrations, etc. 

Mertz, Seegers, and Smith (14) were the first to present evidence which 
suggested that thrombin destroys prothrombin activity. Owren (11) 
could obtain only slight evidence for the destruction of prothrombin by 
thrombin, and Ferguson (15) discounted any such possibility. Experi¬ 
ments reported by these investigators are not necessarily in conflict even 
though they are inadequate. The data recorded above show that much 
depends upon the relative quantities of thrombin and prothrombin in 
solution. Furthermore, the situation is complicated by prothrombin 
regeneration which is sometimes accompanied by spontaneous formation 
of thrombin in significant amounts. When 1000 units of thrombin, or 
less, are added to prothrombin of the strength used above, a fall in pro¬ 
thrombin titer occurs, which is followed by prothrombin regeneration. 
Spontaneous thrombin production appears to parallel prothrombin re¬ 
generation both in amount and in time of appearance. Therefore, it is 
probable that the regenerated prothrombin forms thrombin with greater 
ease than purified prothrombin under the conditions of these experiments. 
When 5500 units of thrombin are added, there is no great change in either 
prothrombin or thrombin concentrations. Apparently the prothrombin 
is destroyed and regenerated rapidly; spontaneous thrombin production 
does not take place to any extent because the reaction is in equilibrium. 
The generation of 5000 units of thrombin (Fig. 3), in the apparent absence 
of thromboplastin, Ac-globulin, and calcium ions, is a novelty to this 
field of research. It is not possible to Say definitely that none of these 
three factors were present. Thromboplastin was certainly not present in 
appreciable quantities. Ac-globulin was absent from the prothrombin 
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and could have been present in the thrombin preparation only in traces 
if at all. Prothrombin and thrombin preparations were both dialyzed 
against demineralized water to a specific resistance of approximately 3000 
ohms. Therefore, the calcium concentration was necessarily extremely 
low. It seems probable that the correct conditions have been found for 
the production of thrombin without Ac-globulin, without calcium, and 
without thromboplastin. 

The experiments reported above show that thrombin is produced from 
prothrombin, thromboplastin, and calcium ions in the complete absence 
of Ac-globulin. Owren records experiments from which he concluded 
that thrombin production is not possible from the interaction of prothrom¬ 
bin, thromboplastin, and calcium ions alone (11). His experiments were 
carried out only at very low prothrombin concentrations for relatively 
short periods of time. It is not possible to determine from his data what 
concentrations of thromboplastin were used. If Owren, in addition to 
low prothrombin concentrations, used weak thromboplastin preparations, 
it becomes clear from our work why he arrived at his conclusions. 

The question may be asked why only a 48 per cent yield of thrombin is 
obtained when thromboplastin alone is used as the activator. The chief 
reason appears to be that the reaction is so slow that side reactions produce 
an effect. One of these, the inactivation of prothrombin by thrombin, 
is described in this paper. Even in the presence of Ac-globulin, a maxi¬ 
mum thrombin yield is not obtained unless an optimum amount of the 
accelerator is present (7, 8). Decreased thrombin yields apparently result 
when any factor slows the rate of interaction of prothrombin and thrombo¬ 
plastin. This was pointed out in 1944 (16) from studies which involved 
the effects of alterations in pH, calcium, electrolyte concentration, etc., 
on prothrombin activation. 

On the basis of experiments which indicated that Ac-globulin catalyzes 
the reaction between prothrombin, thromboplastin, and calcium ions, it 
was decided to call this factor an accelerator (7). Since it was also found 
to be a globulin, the name accelerator globulin or Ac-globulin was proposed 
(7). The data reported here demonstrate that thrombin is produced in 
the absence of Ac-globulin. The latter speeds up the reaction (6-8). 
Therefore it is rightly designated as an accelerator and cannot be considered 
as a component of prothrombin. 

SUMMARY 

An extensive study of previously reported methods for the preparation 
of prothrombin has been made. Modifications are introduced which 
consistently give highly active preparations, stable in solution for more 
than 24 hours at room temperature. The products contain approximately 
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0.6 per cent Ac-globulin by weight. Efforts to remove this last quantity 
of Ac-globulin with fractionation procedures have repeatedly failed. 
However, the prothrombin is freed entirely of this activity by heating 
at 53° in aqueous solution. Heating in saline solution results in losses of 
both prothrombin and Ac-globulin. 

Extremely small amounts of thrombin destroy prothrombin. Larger 
amounts of thrombin produce a diphasic effect upon prothrombin; there 
is first a destruction, followed by a regeneration of prothrombin activity. 
The regenerated prothrombin appears to be changed in such a way that 
it may form thrombin in the absence of thromboplastin, Ac-globulin, and 
calcium ions. 

Thromboplastin and calcium ions activate prothrombin in the absence 
of Ac-globulin, but the reaction is slow and the final yield of thrombin is 
only about half of that produced in the presence of an optimum amount 
of Ac-globulin. 
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APPARENT DISSOCIATION EXPONENTS OF QUININE, 
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Apparent dissociation exponents for quinine and pamaquine (plasmo- 
chin) have been determined potentiometrically by Christophers (2) and 
by Christophers and Fulton (3). Recently Elderfield, Craig, et al. (4) 
have demonstrated by application of Craig’s counter-current distribution 
technique (5, 6) that various commercial samples of pamaquine are in¬ 
homogeneous and contain isomers of pamaquine to the extent of 12 to 30 
per cent of the total material. 

With a sample of pure pamaquine (6-methoxy-8-(4 , -diethylamino-l / - 
methylbutylamino)-quinoline), obtained through the courtesy of Dr. Craig, 
we have determined the apparent dissociation exponents of this compound 
by potentiometric and spectrophotometric methods. Also, a hitherto 
undescribed reversible proton exchange involving pamaquine in rather 
concentrated aqueous solutions of sulfuric and hydrochloric acids has been 
studied by spectrophotometry. This proton exchange of pamaquine and 
a similar one for the structural isomer of pamaquine, SN-3294, 1 have been 
evaluated in terms of the extended pH scale of Michaelis. In addition, 
the exponents for quinine and an Ainley-King carbinol (7), SN-2157, 1 have 
been evaluated by potentiometric and spectrophotometric methods. 

Formulation of Equilibria —By potentiometric titration of aqueous solu¬ 
tions of quinine, pamaquine, and SN-2157 two widely separated dissociation 
exponents, pK'i and pK' 2 , can be evaluated for each compound. In view 
of the considerable difference in magnitude of pK' a and pK'i for each of 

* Preliminary phases of the work reported in this paper were done on a volunteer 
basis in cooperation with a project conducted in this Department under a contract 
between the Office of Scientific Research and Development and The Johns Hopkins 
University. Completion of this work was made possible through a grant from the 
Penrose Fund of the American Philosophical Society. A preliminary report of this 
work has been published (1). 

1 Numbers preceded by the letters 8N are the code numbers assigned by the Office 
of the Survey of Antimalari&l Drugs. Data concerning these and many other com¬ 
pounds have been published (8). SN-3294 is 6-methoxy-4- (4'-diethylamino-l '-methyl- 
butylamino)-quinoline. SN-2157 is 4- (6-methoxyquinolyl)-a-piperidylcarbinol. 
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these compounds, it can be assumed that these exponents are practically 
identical with intrinsic group exponents as defined by Adams (9); i.e., each 
of these exponents refers to the proton exchange involving a single, par¬ 
ticular proton acceptor in the molecule. An exponent, 2 pK'„ can be 
evaluated spectrophotometrically (Figs. 1 and 2) for each of these com¬ 
pounds by a procedure similar to the one described in a study of various 
4-aminoquinolines (10). This exponent is concerned with a proton ex¬ 
change involving an acceptor associated with the aromatic nucleus. The 
value of pK', was found to be practically identical with the value of pK^ 



Fig. 1 . Spectrophotometric absorption curves for quinine in dilute aqueous solu¬ 
tions. Identical curves were obtained for SN-2157 at these values of pH. 

in each case; therefore both pK', and pK'i must refer to the same acceptor 
in the aromatic nucleus. This acceptor probably is the nitrogen atom of 
the quinoline ring. The equilibrium evaluated by pK'i and pK'« can be 
represented as follows 

+ HB-B'H + ;=± H+ + B-B'H+ 

in which B represents a proton acceptor associated with the aromatic 
nucleus and B' represents the proton acceptor of the aliphatic side chain. 
At constant ionic strength, 

* pK', - pH - log [B - B'H+]/[+HB-B'H+] - pH - log [( w -«)/(«- e B )J, in which 
B represents a proton acceptor associated with the aromatic nucleus and B' cor¬ 
responds to the proton acceptor of the aliphatic side chain. cbh+ and e B are, respec¬ 
tively, the molecular absorption coefficients of the proton donor and proton acceptor 
species of the aromatic nucleus. « is the molecular absorption coefficient at a pH 
value at which both species are present. 
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pK' 1 -pK'.-pH-Io, j JgSl. (1) 

in which brackets are used to designate concentrations. 

Inasmuch as pK'i refers to a proton exchange involving an acceptor 
associated with the aromatic nucleus, pK' 2 , which cannot be evaluated 
spectrophotometrically in the spectral range studied, must be concerned 
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A(mji) 220 260 900 340 360 420 460 500 

Fig. 2 Fig. 3 


Figs. 2 and 3. Spectrophotometric absorption curves for pamaquine in dilute 
aqueous solutions (Fig. 2) and in aqueous solutions of sulfuric acid (Fig. 3). 

with a proton exchange involving an acceptor in the aliphatic side chain. 
This acceptor is the quinuclidine nitrogen of quinine, the piperidyl nitrogen 
of SN-2157, and the diethylamino nitrogen of pamaquine. The equilibrium 
can be represented as follows: 

B-B'H + ^ H + 4* B-B' 

At constant ionic strength, pK' 2 is defined by equation (2). 


. [B-B'l 
° g [B-B'H + 


In aqueous solutions of sulfuric acid from 0.2 to 7 m, another reversible 
transformation of pamaquine is observed spectrophotometrically (Fig. 3). 
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It seems highly probable that this transformation is concerned with another 
proton exchange involving the aromatic nucleus, the secondary amino 
nitrogen at position 8 probably being the proton acceptor. In Fig. 3 the 
absorption curve for pamaquine in 0.2 m sulfuric acid is ascribed to the 
monopolar cationic species of the aromatic nucleus, 3 the proton probably 
being attached to the ring nitrogen. The curve in 6 m sulfuric acid is 
ascribed to the dipolar cationic species of the aromatic nucleus, 1 proton 
being attached to the ring nitrogen and the other to the 8-amino nitrogen. 
The transformation is practically complete in 6 m sulfuric acid and is en¬ 
tirely complete in 7 m. The curve for pamaquine in 2.53 m sulfuric acid is 
ascribed to an intermediate equilibrium state in which both species are 
present. The transformation can be reversed simply by decreasing the 
concentration of sulfuric acid by dilution of the solution with water. This 
second proton exchange involving the aromatic nucleus of pamaquine is 
comparable to that of the 4-aminoquinolines described previously (10). 
This proton exchange involving pamaquine also occurs in concentrated 
aqueous solutions of hydrochloric acid. 

It was desirable to evaluate this second proton exchange of pamaquine 
in terms of an extended pH scale. A generalized basis for the extension 
and alternative formulation of a scale for proton exchanges has been pre¬ 
sented by Clark (11), and two experimental extensions of the scale have 
been described (12-18). Hammett et al. (12-17) have defined an “acidity 
function,” Ho, and have evaluated a scale for this function in concentrated 
aqueous solutions of sulfuric acid by color comparison and spectropho¬ 
tometry with a series of indicators of the same charge type and of graded 
and overlapping degrees of proton-accepting strength. The acidity func¬ 
tion is defined by equations (3) and (4) 


EU-pK + log^j (3) 

Ho - -log (11+) p- (4) 

/BII + 


in which pK is the true dissociation exponent of an indicator which enters 
into the proton equilibrium, BH+ ^ B + H + . In equation (4) parentheses 
represent activity and f B and / BH + are activity coefficients. The acidity 
function scale is based upon the fundamental assumption that the ratio 
/b*/bh+ hi a given solution is the same for all proton acceptor-donors of 
the same charge type. Hall and Spengeman (19) have recalculated the 


1 The molecule a a a whole is a dipolar cation in 0.2 m sulfuric acid and a tripolar 
cation in 7 m, inasmuch as a proton is attached to the nitrogen of the aliphatic side 
chain throughout*this range. 



i. t. myna and e. m. ibvxn 


681 


data of Hammett et al. and have found that in aqueous solutions of sulfuric 
acid from 1 to 18 m Ho is a linear function of the molarity of sulfuric acid, 
with a slope of approximately 0.6. 

Michaelis and Granick (18) have described an extension of the pH scale 
which is based upon the relationship between pH and the differences be¬ 
tween the normal potentials of the two steps in the oxidation-reduction of 
various thiazines and the extrapolation of this relationship to data ob¬ 
tained with these indicators in concentrated aqueous solutions of sulfuric 
acid. The procedure required orientation of the extrapolation by spectro- 
photometric determinations of the mid-points of two of the proton ex¬ 
changes involved. The values of pH thus determined were found to be a 
linear function of the molarity of the sulfuric acid, above 1 m, with a slope 
of 0.57. 

The proton exchanges involving pamaquine and SN-3294 in aqueous 
solutions of sulfuric acid can be represented by equation (5) 

++ H a B-B'H + + HB-B'H + + H+ (5) 

in which B refers to the aromatic nucleus with two proton acceptors (ring 
nitrogen and secondary amino nitrogen) and B' represents the proton 
acceptor of the side chain. The dissociation exponent is defined by equa¬ 
tion (6). 

pK < H **o*> “ pH (or - l0 * Fh^hT) ® 

It should be noted that the Ho scale of Hammett and Deyrup (12) was 
evaluated by means of a series of indicators of simpler charge type than 
that represented in equation (5). The importance of this difference in 
charge type will be emphasized later. 

EXPERIMENTAL 

Values of pK'i, pK'j, and pK', were determined essentially as described 
in the preceding paper on 4-aminoquinolines (10). For the determination 
of pK( H ,so 4 ) for pamaquine and SN-3294 (equation (6)), optical densities 
of a series of solutions of the compound in various concentrations of HsSO« 
were determined with a Beckman photoelectric quartz spectrophotometer, 
model DU, with 1 cm. fused silica cuvettes. The nominal spectral interval 
isolated, evaluated from data for dispersion and slit widths furnished with 
the Beckman instrument, was maintained at 2 mju. Sulfuric acid solutions 
cif concentrations identical with the corresponding principal solutions were 
used as blanks. Absorption data were calculated as molecular absorption 
coefficients, e, which are defined by the equation, —log T «• D — td, in 
which T is the transmittancy expressed as a fraction of unity, ,D is the 
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optical density, c is the concentration of the compound in moles per liter, 
and l is the length, in cm., of the light path through the solution. The 
concentrations of sulfuric acid in the series of solutions were determined by 
titration with standard 1 m sodium hydroxide, and the concentrations were 
checked in some cases by measurement of density for comparison with data 
in the “International critical tables.” Pipettes used for measuring samples 
of the viscous solutions of sulfuric acid were specially calibrated “to con¬ 
tain” and were rinsed with distilled water to insure complete and accurate 



Figs. 4 and 5. Test of the relationship, pH » pK^so*) + log [a/(l - «)], for 
pamaquine (Fig. 4) and SN-3294 (Fig. 5). pH is the extended scale of Michaelis 
calculated from the molar concentrations of sulfuric acid. The theoretical curves are 
drawn for the following values of pKfHsSO*): for pamaquine, —1.33; for SN-3294, 
—7.83. In the case of pamaquine, the symbols represent the average experimental 
values of a calculated from optical densities measured at wave-lengths 420, 360, 350, 
310, 280, and 270 m/x (Fig. 3). In the case of SN-3294, O represents the experimental 
values of a calculated from optical densities at 375 mu, and • the values calculated 
from densities at 351 m n (see the absorption curves in the previous paper (10)). 


transfer. Values of pH or H 0 were calculated from the molar concentra¬ 
tions of sulfuric acid by means of the scale of Michaelis (18) or the scale 
of Hammett (12) as recalculated by Hall and Spengeman (19). For evalua¬ 
tion of pK( H ,Bo 4 ), the data for pH and the corresponding absorption co¬ 
efficients at some selected wave-length were rectified by the general method 
of Reed and Berkson (20) with the adaptation of Clark et al. (21), applied 
essentially as described previously (10) for the calculation of pKV Cor¬ 
rections for “medium effects,” as defined by Flexser, Hammett, and Ding¬ 
wall (16), were made essentially as described by these authors. In Figs. 
4 and 5, data for these compounds are presented in terms of the extended 
pH scale of Michaelis and of a, the degree of dissociation of the proton 





J. L. IRVIN AND E. M. IRVIN 


588 


donor, + + H 2 B-B'H+, into +HB-B'H+ and H+ calculated from the ab¬ 
sorption coefficients. The curves are drawn to the theoretical relationship, 
pH - pK( H| so 4 ) + log l«/(l - a)]. 

In preparing concentrated aqueous solutions of hydrochloric acid for 
study of the second proton exchange involving the aromatic nucleus of 
pamaquine in this solvent, it was found to be essential to use freshly opened 
bottles of c.p. concentrated HC1. Partially empty bottles which had been 
exposed to air and sunlight apparently contained traces of free chlorine 
which chlorinated (or oxidized) pamaquine with accompanying changes in 
spectrophotometric absorption which were irreversible by dilution with 
water. 


Table I 


Dissociation Exponents (SO 0 ) of Various Derivatives of Quinoline 


Compound* 

Ionic strength, 0.1 

P K (H.SO«) 

(scale of Michaelis) 

pK'« J 

pK'i 

pK'j 

Quinine. 

4.33 

4.32 

8.4 


SN-2157. 

4.34 

4.36 

9.3 


Pamaquine. 

3.49 

3.48 

10.2 

—1.33t 

SN-3294. 

8.73 

8.68 

10.2 

—7.83$ 


* SN-2157 is 4-(6-methoxyquinolyl)-a-piperidylcarbinol, and SN-3294 is 6-meth- 
oxy-4-(4'-diethylamino-l'-methylbutylamino)-quinoline. 

t Mid-point, 2.86 m Bulfuric acid or 3.89 m hydrochloric acid, 
t Mid-point, 14.26 m sulfuric acid. 


DISCUSSION 

Apparent dissociation exponents (ionic strength 0.1; 30°) for the proton 
exchanges occurring in dilute aqueous solutions are compiled in Table I. 
Our values for pK'i and pK' 2 for quinine are in fair agreement with those 
obtained potentiometrically by Christophers (2) and by Kolthoff (22), 
although the conditions of the measurements were not exactly comparable. 4 
Christophers reported a value of 4.21 for pK'i and 8.36 for pK' 2 at 20°. 
The ionic strength was not specified explicitly, and apparently it was not 
kept constant throughout the titrations, but, on the basis of the concentra¬ 
tions of the solutions titrated, the ionic strength at the mid-points was 0.02 
in evaluating pK'i and 0.002 in evaluating pK' 2 . KolthofTs values for 
pK'i and pK' 2 of quinine were 4.50 and 8.23, respectively, at 15°. Our 
value for pK'„ the spectrophotometrically determined dissociation ex- 

4 Values reported by these investigators were expressed in terms of “basic” dis¬ 
sociation exponents. The values quoted above have been recalculated in terms of 
proton dissociation exponents as defined in the present paper. 
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ponent for the proton exchange concerned with the aromatic nucleus of 
quinine, is practically identical with the corresponding value of pK'i deter¬ 
mined potentiometrically (Table I). The proton acceptor involved in the 
equilibrium evaluated by pK\ (= pK'i) undoubtedly is the nitrogen atom 
of the quinoline ring. The proton acceptor in quinine which is concerned 
in the proton exchange evaluated potentiometrically as pK' 2 is the quinucli- 
dine nitrogen atom. 

The values of pK'i and pK' a for SN-2157 (Table I) agree closely with the 
corresponding exponents for quinine, and again the proton acceptor con¬ 
cerned is the quinoline ring nitrogen. Spectrophotometric absorption 
curves for the proton donor and proton acceptor species of quinine (Fig. 1) 
and SN-2157 are identical in the spectral range studied. The piperidyl 
nitrogen of SN-2157 is a stronger proton acceptor than the quinuclidine 
nitrogen of quinine (pK' 2 , 9.3 and 8.4, respectively). A dissociation ex¬ 
ponent of 10.98 has been reported for 2-methylpiperidine (23). By con¬ 
trast, the value of pK' 2 for SN-2157 reflects the electron-attracting effects 
of the carbinol group and the quinoline ring. 

The values reported by Christophers and Fulton 4 (3) for the apparent 
dissociation exponents of pamaquine were 3.55 for pK'i and 10.13 for pK' 2 
at 20°, and the ionic strength at the mid-points apparently was about 0.009 
in evaluating pK'j and 0.0002 in determining pK' 2 . Our potentiometric 
values (Table I) are in reasonable agreement with those of Christophers 
and Fulton, and again the exponent determined spectrophotometrically, 
pK'„ is practically identical with pK'i. The proton exchange evaluated 
by pK' 2 involves the diethylamino nitrogen of the side chain of pamaquine 
as acceptor. In the case of pamaquine, the proton acceptor corresponding 
to pK'« ( = pK'i) is somewhat uncertain, inasmuch as both the nitrogen of 
the quinoline ring and the 8-amino nitrogen are possible acceptors. The 
acceptor principally involved should be the one possessing the greatest 
relative proton-accepting strength. An approximate estimate of the rela¬ 
tive intrinsic strengths of these acceptors can be obtained by comparing 
data for quinoline and for an N-alkylaniline. The dissociation exponents 
for quinoline and for N-n-propylaniline are 4.94 and 5.02, respectively 
(24, 23). Mutual weakening of the strengths of these acceptors might be 
expected through inductive action. Resonance effects in the entire proton 
acceptor molecule which might tend to strengthen proton acceptance prob¬ 
ably would be less important than the mutual inductive effect (operating in 
the opposite direction), but any resonance effect of this type probably would 
tend to “strengthen” the ring nitrogen more than the 8-amino nitrogen. 
Both of these acceptors would be weakened by the electrostatic and in¬ 
ductive effects of the diethylamino group of the side chain which would bear 
the positive charge of an attached proton in the range of pH in which the 
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proton exchanges involving the aromatic nucleus are evaluated. However, 
this latter effect should weaken the 8-amino nitrogen more than the ring 
nitrogen, inasmuch as the former is closer than the latter to the diethyl- 
amino group. Furthermore, the methoxy group, the effect of which is 
principally inductive when meta-substituted, would be expected to have a 
greater weakening effect on the proton-accepting strength of the 8-amino 
nitrogen than of the ring nitrogen. Tiius, the ring nitrogen would be antic¬ 
ipated to be the stronger proton acceptor. Nevertheless, there would ap¬ 
pear to be a statistical probability that both acceptors would be involved to 
some extent in the range of pH in which pK', was evaluated. However, 
isosbestic points 5 were maintained throughout the range of pH in which the 
change in spectrophotometric absorption occurred (Fig. 3). Maintenance 
of such isosbestic points generally is accepted as evidence that only two 
absorbing species are involved in the change. For this reason and the 
fact that a simple one proton relationship was followed, we believe that the 
proton exchange for which pK', (= pK'i) is a measure involves the ring 
nitrogen of pamaquine almost exclusively. This conclusion is in disagree¬ 
ment with that of Christophers and Fulton (3) who decided, without stating 
their reasons, that the 8-amino group was involved. 

If the proton exchange evaluated by pK', (= pK'i) involves the ring 
nitrogen of pamaquine, then the proton exchange evaluated from 0.2 to 
7 m sulfuric acid (Figs. 3 and 4) or from 0.4 to 8 m hydrochloric acid must 
involve the 8-amino group as acceptor. The dissociation exponent on the 
extended scale of Michaelis is — 1.33 for aqueous solutions of sulfuric acid 
(Fig. 4 and Table I). The mid-point of the change in aqueous solutions of 
hydrochloric acid is 3.89 m. The spectrophotometric absorption curves 
for pamaquine at the extremes of the transformation in HC1 are identical 
with corresponding curves in HjSCV In summary, although the intrinsic 
strengths of the quinoline ring nitrogen and the secondary 8-amino group 
are approximately the same, the latter group is weakened relative to the 
former by diethylamino and methoxy groups and the difference is further 
accentuated after the ring nitrogen has accepted a proton by reason of the 
electrostatic and inductive effects of this positive charge. 

Data for the 4-aminoquinoline derivative, SN-3294, are included in 
Table I for contrast with corresponding data for its structural isomer, 
pamaquine. Data for SN-3294 were reported previously (10), but no 
attempt was made there to evaluate the proton exchange in concentrated 
solutions of sulfuric acid in terms of the extended pH scale of Michaelis as 
reported in the present paper (Fig. 5). The marked strengthening of the 
acceptance of the first proton by the aromatic nucleus of SN-3294 and the 

( The significance of the isoebestic point is discussed by Clark ((11) pp. 162-154). 
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great weakening of the acceptance of the second proton, as contrasted with 
corresponding proton exchanges of pamaquine, can be attributed to the 
powerful resonance of the monopolar cation of the aromatic nucleus of 
SN-3294. The resonance hybrid of this species probably receives con¬ 
tributions both from Kekul6 and quinonoid structures, as first suggested 
for the parent 4-aminoquinoline by Albert and Goldacre (24) and as em¬ 
phasized for a series of derivatives of this compound in a previous paper 
( 10 ). 

The spectrophotometric absorption data for pamaquine and for SN-3294 
in aqueous solutions of sulfuric acid were formulated both in terms of the 
acidity function scale of Hammett and the extended pH scale of Michaelis. 
Conformity of the data to the theoretical relationship, pH (or H 0 ) =* 
pK( B ,8o 4 ) + log [<*/(! — <*)L was found to be better when the pH scale of 
Michaelis (Figs. 4 and 5) was used rather than the acidity function scale of 
Hammett. It seems likely that this can be attributed largely to the fact 
that these proton exchanges of pamaquine and SN-3294 are of a charge 
type which corresponds more closely to that of the thiazines employed by 
Michaelis (although the charge type varied within his series) than of the 
series of indicators of Hammett and Deyrup (12). It was emphasized 
clearly by Hammett and Deyrup that several acidity functions (H_, Ho, 
H+, H++, etc.) would be expected on the basis of the charge types of the 
indicators. 

In addition to the proton exchanges discussed above, quinine and pama¬ 
quine exhibit reversible changes in spectrophotometric absorption and 
fluorescence in 8 to 18 m sulfuric acid which are due either to proton ex¬ 
changes involving the methoxy groups as acceptors or to “medium effects. ,, 
These changes will be described in the succeeding paper on a fluorometric 
method for the determination of these compounds in biological samples. 

SUMMARY 

Apparent dissociation exponents for proton exchanges involving the 
aromatic nuclei (ring nitrogen atoms as probable acceptors) of quinine, 
pamaquine, and 4-(6-methoxyquinolyl)-a-piperidylcarbinol have been 
determined potentiometrically and spectrophotometrically, and the aver¬ 
age values are 4.33, 3.49, and 4.35, respectively. In contrast, the corre¬ 
sponding exponent for SN-3294, a structural isomer of pamaquine with 
the secondary amino group in position 4 instead of position 8, is 8.71. 
Apparent dissociation exponents determined potentiometrically for the 
proton exchanges involving the side chains of these compounds are 8.4, 
10.2, and 9.3, respectively. 

In concentrated aqueous solutions of sulfuric acid, second proton ex¬ 
changes involving the aromatic nuclei (secondary amino groups as probable 
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acceptors) of pamaquine and SN-3294 have been evaluated spectrophoto- 
metrically, and the equilibria have been formulated in terms of the ex¬ 
tended pH scale of Michaelis, the values of the dissociation exponents being 
—1.33 and —7.83, respectively. The marked differences in the proton- 
accepting strengths of pamaquine and SN-3294 are attributed to the special 
resonance of the latter. 

The authors are grateful to Professor W. Mansfield Clark for counsel in 
connection with this work, an<d they are indebted to Dr. Lyman C. Craig 
for a sample of pure pamaquine citrate. 
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A FLUOROMETRIC METHOD FOR THE DETERMINATION 
OF PAMAQUINE, SN-13276, AND SN-3294* 

Bt J. LOGAN IRVIN and ELINOR MOORE IRVIN 

(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore) 

(Received for publication, March 2,1943) 

Brodie et al. (1) have described a photometric method for the deter¬ 
mination of pamaquine 1 which is based upon the coupling of this compound 
with diazotized sulfanilic acid. This procedure is satisfactory, but alter¬ 
native methods are desirable, particularly for studies of the disposition of 
this antimalarial compound in the tissues and body fluids of various ani¬ 
mals. Alternative analytical methods, based upon different properties of 
a therapeutic compound, provide information concerning the degradation 
and subsequent disposal of the drug which a single method cannot yield 
so readily. The fluorescence of pamaquine, SN-1327G, and SN-3294 1 in 
concentrated sulfuric acid provides the basis for the analytical method 
described in the present paper. 

Analytical Procedure 

Reagents — 

1. Stock standard solution of pamaquine, 100 mg. per liter. Dissolve 
161 mg. of the citrate salt 2 in 0.1 n sulfuric acid, and dilute the solution to 
1 liter with the acid. This solution is stable for several weeks when stored 
in a refrigerator. Working standards are prepared daily by dilution with 
0.1 N H 2 SO 4 . 

2. 0.1 n NaOH. 

3. 1.0 n NaOH. 

4. Hexane. Eastman Kodak Company, practical grade (from petro¬ 
leum). This crude solvent contains both volatile and non-volatile sub¬ 
stances which fluoresce in concentrated sulfuric acid. The solvent is 

* The work reported in this paper was aided by a grant from the Penrose Fund of 
the 'American Philosophical Society. 

1 Pamaquine (plasmochin) is 6-methoxy-8-(4'-diethylamino-l'-methylbutylammo)- 
quinoline. Numbers preceded by the letters, SN, are the code numbers assigned 
by the Office of the Survey of Antimalarial Drugs. SN-13276 is 6-methoxy-8-(5'-iso- 
propylaminoamylamino)-quinoline. SN-3294 is 6-methoxy-4-(4'-diethyl-amino-1 
methyl butylamino) -quinoline. 

* We are indebted to Dr. Leslie Hellerman and Dr. Curt C. Porter for a sample of 
purified pamaquine citrate prepared, by their unpublished procedure, from a com¬ 
mercial sample of pamaquine. 
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freed of the non-volatile substances by distillation in an all-glass apparatus 
at atmospheric pressure. Collect the fraction boiling from 66-72° and 
store it in a glass-stoppered bottle. The volatile, fluorescent substances 
do not interfere in the method described below, since the final hexane ex¬ 
tract is evaporated prior to addition of sulfuric acid. 

5. n-Butyl alcohol, reagent grade. 

6 . 0.1 n HC1. 

7. Sulfuric acid, c.p., analytical reagent grade, specific gravity 1.84. 
Most samples of concentrated sulfuric acid exhibit some fluorescence when 
irradiated by means of a mercury vapor lamp. However, “blank” fluores¬ 
cence from this source is quite constant for a particular batch of the acid, 
and corrections are readily made in the calculations. 

Procedure —In the following procedure pamaquine is specified, but the 
same directions apply in the determination of SN-13276. 

Add 1 to 10 ml. of plasma or other biological sample 3 (containing 0.2 
to 5 y of pamaquine) and an equal volume of 0.1 n NaOH to 30 ml. of 
redistilled hexane in a glass-stoppered bottle. Shake the mixture for 15 
minutes on a mechanical shaker. Centrifuge to separate the phases as 
completely as possible. If a thick layer of emulsion exists between the 
phases after the first centrifugation, break the emulsion with a stirring rod 
and repeat the centrifugation. Add 0.5 ml. of n-butyl alcohol 4 to the 
hexane phase with minimum disturbance of the aqueous layer. With a 
pipette transfer exactly 25 ml. (or, if necessary, a smaller volume accu¬ 
rately measured) of the hexane phase to a small, tapered separatory funnel; 
add 5 ml. of 0.1 n HC1 and shake vigorously for several minutes. Allow 
the phases to separate; then transfer the entire acid aqueous phase to an¬ 
other separatory funnel. Extract the hexane again with 2 ml. of 0.1 
n HC1 and combine this second acid extract with the first. Introduce 25 
ml. of redistilled hexane into the funnel containing the acid extracts. Add 
1 ml. of 1.0 n NaOH and shake the mixture vigorously for 5 minutes. Al¬ 
low the phases to separate and add 0.5 ml. of n-butyl alcohol to the hexane 
with minimum disturbance of the aqueous layer. Draw off the aqueous 
phase and discard. Transfer the hexane quantitatively to a 100 ml. dis¬ 
tilling flask and evaporate to dryness by distillation under diminished pres¬ 
sure (water aspirator pump) in an all-glass still. Maintain the water bath 
in which the distilling flask is immersed at 30-50° during the distillation. 
It is important to remove all traces of the solvent from the flask. Then 
place exactly 8 ml. (or slightly more than the minimum volume required 

* Samples of organ tissues, feces, etc., can be prepared for analysis by tho procedure 
described by Brodie et al. (2). 

4 Butyl alcohol is added at this point in order to minimize loss of pamaquine by 
adsorption on the walls of the glass vessel (1, 2). 
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for the particular fluorometcr employed) of concentrated sulfuric acid in 
the distilling flask and spread the acid over the entire inner surface of the 
flask in order to bring all of the pamaquine into solution. Transfer the 
acid to a cuvette and determine the fluorescence in a fiuorometer . 5 The 
irradiation of the sample is best carried out by means of a mercury vapor 
lamp. For the greatest sensitivity, Corning Filter 5970 (new code number 
of the Coming Glass Works), specially ground to a thickness of 1 mm., 
should be placed between the lamp and the cuvette. However, Coleman 
Filter BiS also can be used 41 in this “primary” position with a small de¬ 
crease in analytical sensitivity. The secondary filter inserted between the 
cuvette and the photocell should be Coming Filter 3060 or 3389 or Cole¬ 
man Filter PCi. Filter 3060 will provide greatest analytical sensitivity, 
but with fluorometers in which a considerable amount of the primary ra¬ 
diation reaches the photocell by reflection from the sides of the cuvettes 
or by other sources of “scattering,” it may be necessary to use Filter 3389 
instead of Filter 3060 to minimize the blank from this source. Also, when 
blanks due to scattered radiation are serious, it may be necessary to use a 
combination of Filters 3389 and 5030 in the secondary position. Filter 
5030 blocks the radiation in the “red” range of the spectrum which also is 
transmitted by primary Filter 5970. Transmittance-wave-length curves 
for these filters are presented in “Glass color filters,” a publication of the 
Coming Glass Works. 

Standards should be carried through the entire procedure with each set 
of unknowns, and the concentrations of the latter are calculated from the 
fluorometric values of these standards. A reagent blank, which includes 
the blank due to the sulfuric acid, should be determined by substituting 
distilled water for the biological sample in the procedure. In the calcula¬ 
tions, the fluorometric value of the reagent blank is deducted from the values 
for standards and unknowns. The intensity of fluorescence of the stand¬ 
ards is directly proportional to the concentration of pamaquine. 

The same procedure can be used for the determination of SN-3294 in 
amounts as small as 0.1 7 , but analytical recoveries are more nearly quanti¬ 
tative if freshly redistilled ethylene dichloride ( 1 , 2 -dichloroethane) is 
used in place of hexane for the extraction of this compound. 

RESULTS AND DISCUSSION 

It is shown in Table I that pamaquine and SN-3294 added to plasma 
are recoverable with adequate precision by this analytical procedure. The 
method is equally applicable to the determination of SN-13276. The 
amount of interfering fluorescent material in normal plasma is negligible 
when the analysis is carried out by the double extraction procedure de- 


4 Coleman photofluorometer, or Klett fiuorometer, or other similar instrument. 



592 


PAMAQUINE, sn-13276, AND SN-3294 


scribed above. Attempts to shorten the method by extracting pamaquine 
directly from the initial organic solvent extract with concentrated sulfuric 
acid, or by evaporating the initial extract and adding sulfuric acid, were 
unsatisfactory owing to excessive “blank” fluorescence derived both from 
the solvent and from normal plasma under these conditions. When the 
double extraction procedure is used as described, the reagent blank is not 
negligible but is quite constant and reproducible with a particular batch of 
reagents. In order to minimize the blank, it is particularly important to 
distil the solvents prior to use. 

An attempt was made to determine the basis for the fluorescence of 
pamaquine and SN-3294 in concentrated sulfuric acid. As presented in 


Table I 

Analytical Recovery of Pamaquine and SN-8294 from Plasma 
Data for recoveries are the averages of five determinations at each concentration. 


Compound 

Concentration 
of compound 
in plasma 
(theoretical) 

Volume 
of plasma 
sample 
analyzed 

Average 
concentration 
of compound 
in plasma 
(found) 

Average 

recovery 

Average 
deviation of 
a single 
determination 
from average 


7 per l. 

ml. 

7 per l. 

per cent 

per cent 

Pamaquine 

20 

10 

18.4 

92.0 

d=10.5 


60 

5 

47.2 

94.4 

±8.4 


100 

5 

95.2 

95.2 

±6.2 


200 

5 

195.0 

97.5 1 

1 ±5.0 


500 

2 

490.0 

1 98.0 

±4.8 

SN-3294 

10 

10 

8.9 

89.0 

±12.0 


20 ! 

10 

18.7 

93.5 

±9.3 


60 

5 

48.1 

90.2 

±7.0 


100 | 

5 i 

| 95.3 

95.3 

±5.5 


the preceding paper (3), spectrophotometrie and potentiometric evidence 
demonstrated that in 7 m sulfuric acid pamaquine is a tripolar cation with 
protons attached to the diethylamino nitrogen of the side chain, the quin¬ 
oline ring nitrogen, and the secondary 8-amino nitrogen. When the con¬ 
centration of sulfuric acid is increased from 8 to 18 m, there is a small shift 
in the absorption spectrum of pamaquine (Fig. 1). Solutions of pamaquine 
in 7 M sulfuric acid are practically non-fluorescent when irradiated by sun¬ 
light or by the 365 mju line of the mercury emission spectrum. As the 
concentration of sulfuric acid is increased from 8 to 18 m, there is a pro¬ 
gressive increase in the fluorescence, solutions of pamaquine in 18 m sul¬ 
furic acid exhibiting brilliant violet-blue fluorescence. The mid-point of 
the change is in 13.76 m sulfuric acid. These changes in spectrophotometrie 
absorption and fluorescence might be attributed to “medium effects,” i.e. to 
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progressive changes in properties of the medium such as density and vis¬ 
cosity, but there would seem to be a possibility that the changes are due, 
at least in part, to a proton exchange involving the methoxy group of 
pamaquine as proton acceptor. The fact that the changes in absorption 
and fluorescence can be reversed by dilution of the concentrated acid solu¬ 
tions with water is in favor of the interpretation of the changes as due to a 
reversible proton exchange. In favor of the conclusion that the methoxy 
group is involved is the fact that desmethoxy pamaquine (8-(4'-diethyl- 



Fig. 1. Change in spectrophotometric absorption by pamaquine in aqueous 
sulfuric acid from 6 to 17.4 u. 

amino-l'-methylbutylamino)-quinoline) is practically non-fiuorescent in 
both 8 m and 18 m sulfuric acid. 

Inasmuch as quinine also is a derivative of 6-methoxyquinoline, it was 
desirable to study the spectrophotometric absorption and fluorescence of 
this compound in concentrated aqueous solutions of sulfuric acid for com¬ 
parison with pamaquine. As presented in the preceding paper (3), spec¬ 
trophotometric and potentiometric evidence demonstrated that in 0.1 M 
sulfuric acid quinine is a dipolar cation with protons attached to the 
quinuclidine nitrogen and the nitrogen of the quinoline ring. The absorp¬ 
tion spectrum of quinine changes progressively as the concentration of buI- 



594 


PAMAQUINE, sn-13276, AND SN-3294 


furic acid is increased from 0.1 to 17.5 m. The complete absorption spectra 
of quinine for the extremes of this range of concentrations of H*SO* are 
shown in Fig. 2, and details of the progressive changes in a selected region 



Fig. 2. Spectrophotometric absorption curves for quinine in aqueous solutions of 
sulfuric acid. 


QUININE 


O-0.05 M H 2 S0 4 a*%2 M H 2 S0 4 

a-3J2MH^50 4 0-I2J68 M HgSQj 



Fig. 3. Spectrophotometric absorption curves for quinine in aqueous solutions 
of sulfuric acid. 

are drawn to a larger scale in Fig. 3 in order to illustrate features of the 
changes which could not be shown on the smaller scale. The changes are 
reversible by dilution of the solutions with water. Again, a reversible 
proton exchange (with the methoxy group as possible acceptor) is sug- 
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gested, but the absence of true isosbestic points 6 and the unusually wide 
range of concentrations of sulfuric acid in which the changes in absorption 
by quinine occur argue in favor of attributing the changes to a “medium 
effect,” at least in part. 

Quinine in 0.1 m HsS0 4 is brilliantly fluorescent. From 0.1 to 3 m sulfuric 
acid there is a slight increase in the intensity of fluorescence of quinine, 
possibly due to a medium effect. The intensity of fluorescence of quinine 
remains the same in sulfuric acid from 3 to 7 m. From 7 to 18 m sulfuric 
acid there is a great and progressive diminution of fluorescence of quinine, 
the fluorescence being quite weak in 18 m acid. The mid-point of the 
change is 12 m sulfuric acid. The change is reversed by dilution of the 
solutions with water. This change in fluorescence of quinine, occurring 


Table II 

Analysis of Mixtures of Quinine and Pamaquine by Measurement of Fluorescence 
in 0.1 u HiSOi and Concentrated HSOi (18 m) 


♦Quantity of pama¬ 
quine in mixture 

Quantity of quinine 
in mixture 

Concentration 
of H 1 SO 4 in final 
solution 

Quantity calculated from fluorescence 

Pamaquine 

Quinine 

7 

7 

M 

7 

7 

0 

1.3 

0.1 


1.27 

1.26 

1.3 

0.1 


1.31 

2.52 

1.3 

0.1 


1.28 

5.04 

1.3 

0.1 


1.26 

1.26 

0 

18 

1.24 


1.26 

1.3 

18 

1.37 


1.26 

2.6 

18 

1.52 


1.26 

5.2 

18 

1.86 


1.26 

13.0 

18 

2.63 



concomitantly with the change in spectrophotometric absorption, suggests a 
reversible proton exchange, but a definite conclusion cannot be drawn on 
the basis of this evidence alone. Practical use can be made of the fact 
that the changes in fluorescence of quinine and pamaquine in concentrated 
aqueous solutions of sulfuric acid are in opposite directions. The data of 
Table II demonstrate that quinine can be determined specifically by meas¬ 
urement of its fluorescence in 0.1 m H 2 SO 4 , even in the presence of very 
large amounts of pamaquine (or SN-13276). On the other hand, pama¬ 
quine (or SN-13276) can be determined by measurement of its fluorescence 
in 18 m sulfuric acid with only minor interference from quinine when the 
two compounds are present in mixtures in nearly equal proportions. The 
interference from quinine becomes serious when it is present in much larger 

* The significance of the isosbestic point is discussed by Clark (4). 
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amounts than pamaquine. However, even in the latter case pamaquine 
can be estimated from the fluorescence in 18 m H2SO4 by subtracting the 
fluorometric value which would be expected from the amount of quinine 
known to be present in the mixture from specific determination of quinine 
by measuring fluorescence in 0.1 m HjSO*. This is of practical value, in¬ 
asmuch as quinine and pamaquine (or SN-13276) sometimes are adminis¬ 
tered together in the treatment of vivax malaria. 

In the case of SN-3294, a large and progressive increase in fluorescence 
occurs in solutions of this compound in sulfuric acid from 7 to 18 m. This 
is the range in which great changes in spectrophotometric absorption by 
the compound occur (3, 5); the mid-points of the spectrophotometric and 
fluorometric changes practically coincide. These changes in absorption 
have been attributed to a reversible proton exchange involving the 4-amino 
group of SN-3294 as acceptor (3,5). It appears likely that the change in 
fluorescence also is due to this proton exchange. In this case evidence for 
a proton exchange involving the methoxy group is lacking unless the 
small shift in the wave-lengths of the maxima of the absorption curves 
observed from approximately 7 to 14 m sulfuric acid is due to such a proton 
exchange rather than to a “medium effect,” as suggested in the preceding 
paper (3). 


SUMMARY 

A fluorometric method is described for the determination of pamaquine* 
SN-13276, and SN-3294 in biological samples. The procedure also is 
applicable to mixtures of any one of these compounds with quinine. The 
method is based upon the fluorescence of these compounds in concentrated 
sulfuric acid. Spectrophotometric and fluorometric observations are re¬ 
corded which suggest alternative explanations for the reversible changes 
occurring in solutions of these compounds in sulfuric acid. 
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STUDIES OF ARTERIOVENOUS DIFFERENCES IN BLOOD 

SUGAR* 


II. EFFECT OF HYPOGLYCEMIA ON THE RATE OF EXTRAHEPATIC 
GLUCOSE ASSIMILATION 

By MICHAEL SOMOGYI 

(From the Laboratory of the Jewish Hospital of St, Louis, St, Louis) 
(Received for publication, March 1, 1948) 

In a previous paper 1 we described the quantitative relationship between 
the degree of hyperglycemia and the rate of extrahepatic glucose assimila¬ 
tion in healthy persons. In the present report we present the effect of 
hypoglycemia upon the rate of extrahepatic glucose assimilation. In 
order to avoid misunderstanding, it is to be noted that hypoglycemia in 
our terminology denotes any glycemic level which is below the individual 
•postabsorptive level (fasting blood sugar) in healthy individuals. It will 
be demonstrated in the course of this report that a drop of but a few mg. 
per cent below the postabsorptive level actually exerts the physiological 
effects which we ascribe to hypoglycemia. It must be emphasized, how¬ 
ever, that the validity of the results in studies dealing with the A-V 2 differ¬ 
ences hinges, to a greater measure than in most experiments involving 
sugar determinations, upon the accuracy of the analytical work. 

The hypoglycemic state during which the observations here reported 
were made was the well known “spontaneous” hypoglycemia which trails 
with great regularity in the wake of the alimentary hyperglycemia produced 
by oral or parenteral administration of glucose. It could scarcely escape 
attention in our previous experiments 1 that, following the oral administra- 
ion of glucose, the A-V difference first increased rather rapidly, but then 
showed a sudden decrease. A rather abrupt dip took place sometimes 
during the 3rd, more frequently during the 4th, hour after glucose feeding. 
In a good many cases, however, the A-V difference remained high even at 
the end of the 4th hour, while in a few instances it receded to its initial 
(fasting) value as early as the end of the 2nd hour. The change showed 
no regular relationship to the time element. On closer scrutiny it became 
apparent that the abrupt decrease in the A-V difference consistently coin¬ 
cided with the time interval during which the arterial blood sugar had 
fallen below its postabsorptive level. This impression was strengthened 
by observations on two subjects who remained hyperglycemic and main- 

* This work was aided by the David May-Florence G. May Fund. 

1 Somogyi, M., J, Biol. Chem ., 174, 189 (1948). 

1 A-V — arteriovenous. 
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tained a broad A-V difference even at the end of the 4th hour. When, 
however, the test was repeated in these instances and extended to 5 hours, 
a sudden dip of the A-V difference did develop in the course of the 5th 
hour, at the same time that the arterial blood sugar declined to a hypogly¬ 
cemic level. 

In further studies of this effect of hypoglycemia upon the rate of extra- 
hepatic glucose assimilation, we fed the subjects 50 gm. of glucose instead 
of 100 gm. The time of absorption, and hence the duration of the ali¬ 
mentary hyperglycemia, was thus cut shorter, and undue prolongation of 
individual observations to 4 or 5 hours could be avoided. The results of 
these experiments, presented in Table I, clearly show the intimate connec¬ 
tion between the onset of hypoglycemia and the abrupt decrease of the 
A-V difference. In four instances (Subjects 1 to 4) hypoglycemia occurred 
in the course of the 2nd hour after glucose feeding, and so did the dip in 
the A-V difference. In the next thirteen cases (Subjects 5 to 17) hypogly¬ 
cemia and the abrupt shrinkage of the A-V difference concurrently took 
place during the 3rd hour. Finally, in one subject (No. 18) the hyper¬ 
glycemia extended into the 3rd hour and, along with it, the A-V difference 
remained high. But then, in the 4th hour, when hypoglycemia occurred, 
the A-V difference fell to 1 mg. per cent from a height of 25 mg. per cent. 
There was but a single subject (No. 13) in this series of eighteen in which 
the sharp dip in the A-V difference lagged somewhat behind the onset of 
hypoglycemia. 

Two details in Table I deserve some comment. One is the fact that the 
venous blood sugar may decline to a distinctly hypoglycemic level, and 
yet the A-V difference remains high; this was the case in Subjects 6, 11, 
12 , 15, and 16, in the 2nd hour after glucose feeding. It is to be noted, 
however, that during that period hyperglycemia still persisted in the arterial 
blood. The sharp shrinkage of the A-V difference took place only in the 
3 rd hour, when the arterial blood sugar, too, had declined to a hypogly¬ 
cemic level. The second notable detail concerns the extreme delicacy and 
sensitivity of the mechanism which governs this relationship. This 
sensitivity is most conspicuous in Subjects 4 and 18, in which arterial 
hypoglycemias of only 1 and 2 mg. per cent sufficed to initiate the rapid 
shrinkage of the A-V difference. Conversely, Subjects 11, 12, and 15 
show that minimal degrees of arterial hyperglycemia, which exceed the 
fasting level by only a few mg., can keep the A-V differences lingering at 
or near the high values to which they had climbed during the preceding 
hyperglycemic period. 

The salient point of our findings, then, is the fact that at various in¬ 
tervals after glycose feeding abrupt shrinkage of the A-V difference takes 
place, which is intimately linked with the onset of arterial hypoglycemia, 



TABLE I 

Showing Sharp Dip in Arteriovenous Difference during Arterial Hypoglycemia 
Following Alimentary Hyperglycemia 

Values in mg, per cent* 


Time intervals after ingestion of glucose (50 gm.) 




Fasting 

1 0.5 hr. 

11 hr. 

| 2 hr*, j 

3 hr*. 

| 4 hrs. 

Subject 

No. 

Origin of blood 

u 

1 


tM 

1 

i 

i 

M 


1 


i 


i 




1 

> 

1 

> ^ 

1 

> 

1 


1 


1 




« 

< 

m 

< 

« 


« 

< 

« 

< j 

PQ 

< 

1 

Arterial* 

86 

41 

184 

\ 

i 

127 


72 


83 


88 



Venous 

84 

2 

164 

20 

90 

37 

66 

6 

81 

2 

87 

1 

2 

Arterial 

79 


153 


135 


52 


69 


77 



Venous 

78 

1 

113 

40 

103 

32 

49 

3 

67 

2 

76 

1 

3 

Arterial 

89 


154 


146 


83 


62 


80 j 



Venous 

82 

7 

138 

16 

126 

20 

78 

5 

61 

1 

78 

2 

4 

Arterial 

95 


185 


152 


93 


85 


86 



Venous 

88 

7 

157 

28 

134 

18 

88 

5 

81 

4 

84 

2 

5 

Arterial 

90 


132 


111 


107 


70 


77 



Venous 

81 

9 

98 

34 

83 

28 

84 

23 

66 

4 

76 

1 

6 

Arterial 

92 


193 

i 

129 


122 


81 


88 



Venous 

88 

4 

157 

36 

95 

34 

84 

38 

75 

6 

85 

3 

7 

Arterial 

89 


153 


181 


112 


66 


76 



Venous 

86 

3 

136 

17 

142 

39 

91 

21 

65 

1 

74 

1 

8 

Arterial 

93 


142 


177 


121 


71 


77 



Venous 

91 

2 

134 

8 

142 

35 

101 

20 

69 

2 

77 

<1 

9 

Arterial 

84 


131 


156 


120 


62 


69 



Venous 

79 

5 

114 

17 

128 

28 

100 

20 

59 

3 

66 

3 

10 

Arterial 

102 


170 


167 


127 


67 


80 



Venous 

96 

6 

153 

17 

146 

21 

108 

19 

65 

2 

79 

1 

11 

Arterial 

91 


180 


180 


91 


64 


77 



Venous 

85 

6 

143 

37 

151 

29 

75 

16 

62 

2 

72 

5 

12 

Arterial 

94 


152 


152 


97 


83 


88 



Venous 

90 

4 

131 

21 

124 

28 

83 

14 

82 

1 

83 

5 

13 

Arterial 

92 


168 


114 


81 


88 


87 



Venous 

85 

7 

142 

26 

86 

28 

67 

14 

84 

4 

85 

2 

14 

Arterial 

88 

i 

167 


154 


123 


70 


82 



Venous 

87 

1 

153 

14 

137 

17 

110 

13 

69 

1 

78 

4 

15 

Arterial 

94 


149 


145 


100 


81 


85 



Venous 

90 

4 

128 

21 

123 

22 

87 

13 

80 

1 

81 

4 

16 

Arterial 

91 

i 

168 


171 


92 


70 


83 



Venous 

89 

2 

153 

15 

154 

17 

79 

13 

67 

3 

79 

4 

17 

Arterial 

87 


136 


169 


126 


67 





Venous 

81 

6 

123 

13 

158 

11 

112 

14 

66 

1 



18 

Arterial 

79 


88 j 


122 


116 


112 


78 



Venous 

74 

5 

83 | 

5 

105 

17 

89 

27 

87 

25 

77 

1 


* Capillary finger blood was used to obtain the values listed opposite arterial. 
This procedure has been shown (see foot-note 1) to provide a satisfactory substi¬ 
tute for arterial puncture. 
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GLUCOSE ASSIMILATION IN HYPOGLYCEMIA 


but is independent of the time that has elapsed after the ingestion of 
glucose. This phenomenon appears significant enough to merit additional* 
illustration and demonstration. For this purpose we have divided the 
cases presented in Table I into two groups, according to the time of the 
onset of the hypoglycemic state. In Table II are presented the average 
values of their glycemic levels and A-V differences (Groups 1 and 2). 
Group 3 in Table II represents the average values of experiments in which 
ten individuals were fed 100 gm. of glucose each. These were picked as 
examples from a previous study. 1 In Group 4 of Table II are given the 

Table II 

Showing That Sharp Dip in A-V Difference Is Chronologically Contingent Only on 
Onset of Hypoglycemia but Unrelated to Time of Glucose Feeding 
The glucose values represent mg. per 100 cc. of blood. 


o 

Z 

Subjects used for averages 

Origin of sugar values 

Average blood sugar values at intervals after 
ingestion of glucose 

1 

o 

Fast¬ 

ing 

0.5 

hr. 

1 hr. 

2 hrs. 

3 hrs. 

4 hrs. 

5 

hrs. 

1 

Subjects 1 to 4,50 gm. 

Arterial blood 

87 

169 

160 

75 

75 

83 



glucose by mouth 

A-V difference 

4.3 

26 

27 

4.7 

2.3 

1.5 


2 

Subjects 5 to 16,50 gm. 

Arterial blood 

92 

159 

153 

108 

73 

81 



glucose by mouth 

A-V difference 

4.4 

22 

27 

19 

2.5 

2.8 


3 

10 subjects, 100 gm. 

! Arterial blood 

88 

151 

143 

119 

115 

74 



glucose by mouth 

A-V difference 

2.8 

26 

28 

25 

18 

3.9 


4 

2 subjects, 100 gm. 

Arterial blood 

91 

157 

170 

143 | 

147 

121 

71 


glucose by mouth 

A-V difference 

4.0 

35 

35 

30 

30 

30 

2.5 

5 

1 subject, 100 gm. glu¬ 

Arterial blood 

92 

175 

169 

240 

61 

81 



cose intravenously* 

i 

A-V difference 

3.3 

10.5 

19.7 

59.4 

1.4 

0.3 



* The infusion lasted 2 hours; in the 1st hour 28 gm., in the 2nd hour 72 gm. of 
glucose were infused. 


average values of two cases in which hyperglycemia persisted as long as 
4 hours after the ingestion of 100 gm. of glucose. Finally, Group 5 con¬ 
cerns a healthy young man who received 100 gm. of glucose intravenously 
in the course of 2 hours, 28 gm. in the 1st and 72 gm. during the 2nd hour. 
Attention is called to the figures which are boxed in squares. The first 
square contains the fasting arterial glycemic level; the second encloses the 
last hour during which hyperglycemia still persisted; finally, the third 
square presents the interval immediately following the onset of the hypo¬ 
glycemic state. With each blood sugar level the corresponding A-V 
difference is given. This arrangement of the data clearly exposes the close, 
apparently causal, connection between the onset of hypoglycemia in 
arterial blood and a rapid contraction of the A-V difference. 
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This rule is most conspicuously demonstrated in Group 5 of Table II. 
It represents an experiment in which, by means of intravenous administra¬ 
tion of glucose, hyperglycemia in a healthy young man was raised to an 
abnormal height, and then, beginning at the moment when the glucose 
infusion was terminated, a steep decline of the glycemic level ensued. 
Owing to limitations imposed by the processes of intestinal absorption, 
no such sharp and extensive swings of the glycemic level can be produced 
by oral feeding of glucose. By intravenous administration, on the other 
hand, it was possible to push the arterial hyperglycemia up to 240 mg. per 
cent, and then, by terminating the influx of glucose at that very moment, 
permit the glycemic level to drop sharply to G1 mg. per cent within an 
hour. The high glycemic level entailed an increase of the A-V difference 
to 59 mg. per cent. But when the blood sugar dipped below its fasting 
level in the course of the next hour, the A-V difference precipitously 
shrank to 1.4 mg. per cent, less than half its fasting value. 

To round out the evidence demonstrating the causal connection between 
the occurrence of hypoglycemia and the decrease of A-V difference, the 
results of one more experiment are presented here graphically. It is 
shown in this experiment that when the onset of a hypoglycemia can be 
anticipated and successfully forestalled the shrinkage of the A-V difference 
also is prevented. In the first stage of the experiment the subject, a 
healthy young man, was fed 75 gm. of glucose by mouth and the arterial 
and venous glycemic levels were observed for 3 hours; in this manner it 
was established that the usual contraction of the A-V difference took place 
in the course of the 2nd hour. Next the subject was fed 75 gm. of glucose 
as previously, but an hour and a half later he was given a second 75 gm. 
portion of glucose for the prevention of hypoglycemia. As is shown in 
Fig. 1, the results are fully in line with the rule. The second dose of glucose 
intercepted the decline of the glycemic level at the proper time to prevent 
hypoglycemia. Instead, the second dose of glucose effected a slight rise 
in the arterial glucose level. As a consequence, the A-V difference sub¬ 
stantially expanded during the 2nd and 3rd hours (33 mg. per cent), 
whereas in the first test in this experiment, in which hypoglycemia was 
permitted to develop, a shrinkage to 3 mg. per cent had taken place during 
the same period (see Fig. 1). 

The curves in Fig. 1 again give warning against two possible errors. 
First, they show how misleading it would be to correlate the changes in 
the A-V difference with the time element in the process (as was actually 
done by a few workers). Secondly, the glucose curves clearly convey 
the lesson that it is the changes of the arterial, and not of the venous, 
blood sugar level which must be taken into consideration in evaluating 
the relationship between glycemic levels and A-V differences. Inspection 
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glucose assimilation in hypoglycemia 


of the arterial and venous curves of the second test (Fig. 1) makes this 
quite obvious: the greatest A-V difference made its appearance after the 
3rd hour of the experimental period, when the arterial blood still lingered 
at a hyperglycemic level; the fact that the venous blood sugar already 
had dipped to a hypoglycemic level evidently had no effect upon the A-V 
difference. 



Fig. 1 . Illustrating that the shrinkage of A-V difference can bo forestalled by 
preventing the onset of hypoglycemia. Dashed line, blood sugar after a single 
dose of 75 gm. of glucose (first test); solid line, blood sugar after two 75 gm. doses 
of glucose (second test); O arterial, X venous. The shaded area shows that the A-V 
difference remains great so long as arterial hyperglycemia is maintained; the cross- 
hatched area shows the conspicuous shrinkage of the A-V difference in the same sub¬ 
ject as soon as the arterial blood sugar falls below its fasting level. 

The effect of arterial hypoglycemia is in diametric contrast to the effect 
of hyperglycemia, which, as is known, enhances the rate of extrahepatic 
(as well as hepatic) glucose assimilation. In keeping with accepted con¬ 
cepts and experimental proof, the response to hyperglycemia can be at¬ 
tributed to an increased insulin supply that is brought about by the stimu¬ 
lating effect of hyperglycemia upon the islands of Langerhans. It is not 
so simple to explain why hypoglycemia entails an abrupt depression in 
the rate of assimilation. Decrease of the insulin supply would readily 
be made accountable for it by the (still numerous) proponents of the over- 
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simplified “Unitarian” school of thought. This, however, is untenable 
in view of the fact that the shrinkage of the A-V difference occurs just at 
the time when the onset of hypoglycemic states indicates the presence of a 
greater than normal insulin supply. 

A more apt interpretation can be based on the fact, often demonstrated 
in animal experiments, that insulin supply and insulin action do not always 
run parallel. Two categories of factors are known which depress insulin 
action: dietary and endocrine factors. High fat-low carbohydrate diets 
and acid ash diets are well fecognized members of the first group. In 
the second category belong the several insulin-antagonistic constituents 
of the pituitary-adrenal system, and probably some other endocrine 
products; and still there may exist some as yet unrecognized insulin an¬ 
tagonists. In looking for inhibitors of insulin action which are ushered 
in by hypoglycemia, dietary factors are obviously to be disregarded and 
one must direct attention to the likelihood that hypoglycemia stimulates 
to increased activity the endocrine organs which produce the insulin- 
inhibiting hormones. Prompt response of these organs to hypoglycemia, 
by supplying increased quantities of insulin inhibitors, would readily ac¬ 
count for the abrupt drop in the rate of glucose assimilation. This subject 
will be treated in greater detail in a forthcoming paper dealing with the 
effects of insulin on the rate of extrahepatic glucose assimilation. 

In conclusion, we wish to call attention to the substantial contribution 
of the extrahepatic tissues to the homeostasis of the -glycemic level during 
hypoglycemic states. This function is performed by virtue of the fact 
that the rate of glucose assimilation sharply drops at the onset of hypo¬ 
glycemia and thus retards the depletion of blood sugar. 

SUMMARY 

Differences between glucose concentrations in arterial (capillary) and 
venous blood of healthy persons were studied during hypoglycemic states 
which follow the hyperglycemia produced by glucose feeding. 

It was found that the onset of arterial hypoglycemia entails an abrupt 
drop in the rate of extrahepatic glucose assimilation. This fact is reflected 
in a sudden shrinkage of the A-V differences, which frequently dip below 
their postabsorptive (fasting) values; they may decline to less than 1 mg. 
per cent, but never become negative. 

The venous blood sugar may fall to hypoglycemic levels without affecting 
the A-V difference; it requires the impact of arterial hypoglycemia to 
depress the rate of glucose assimilation. 

The extrahepatic tissues contribute substantially to the homeostasis 
of the glycemic level by virtue of the decline in their rate of glucose as¬ 
similation during hypoglycemia. 




FURTHER STUDIES ON THfi ROLE OF VITAMIN Be IN THE 
METABOLISM OF TRYPTOPHAN BY THE RAT* 


By PLINIO B. JUNQUEIRAf and B. S. SCHWEIGERTJ 

{From the Department of Biochemistry and Nutrition , Agricultural and 
Mechanical College of Texas , College Station) 

(Received for publication, March 1, 1948) 

Recent studies have demonstrated that vitamin Be-deficient rats and 
mice, in contrast to animals receiving an adequate quantity of the vitamin, 
excrete small amounts of nicotinic acid and N^methylnicotinamide when 
tryptophan is fed ( 1 , 2 ). This has been interpreted to mean that vitamin 
Be is necessary for the metabolic conversion of dietary tryptophan to 
nicotinic acid and its methylated derivative. 

It was of interest to extend these observations and to determine the rate 
at which vitamin Be-deficient rats recovered the ability to convert trypto¬ 
phan to nicotinic acid when the vitamin was again administered. Further, 
the comparative effectiveness of the three vitamin Be derivatives, pyri- 
doxine, pyridoxal, and pyridoxamine, was also studied with animals pre¬ 
viously depleted of vitamin B« by the use of two criteria, the amounts 
of nicotinic acid derivatives excreted when tryptophan was fed and the 
rates of gain. 

* 

EXPERIMENTAL 

Weanling male albino rats 40 to 50 gm. in weight (Sprague-Dawley 
strain) were used in these studies. A basal ration was fed consisting of 
sucrose 67, purified casein 24, Salts IV (3) 4, com oil 4.7, and vitamins A 
and D concentrate 0.3 per cent, plus the following amounts of B vitamins 
per 100 gm. of ration:thiamine 250 7 , riboflavin 300 7 , calcium pantothenate 
2 mg., inositol 100 mg., choline 100 mg., pteroylglutamic acid 200 7 , and 
biotin 10 7 . Control groups received 250 7 of pyridoxine hydrochloride 
per 100 gm. of ration in addition to the basal ration. After 3 weeks on 
experiment, quantitative urine collections were made, and the amounts 
of nicotinic acid and N^methylnicotinamide excreted per day were deter¬ 
mined by techniques described in earlier work ( 1 ). 

* Supported in part by a grant from Swift and Company. We are indebted to 
Merck and Company, Inc., for generous supplies of pyridoxal and pyridoxamine and 
to Helen Keene and Frances Panzer for technical assistance. 

t Graduate fellow from Sfto Paulo, Brazil, sponsored in part by the Institute of 
International Education. 

t Present address, Division of Biochemistry and Nutrition, American Meat Insti¬ 
tute Foundation, University of Chicago, Chicago, Illinois. 
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VITAMIN B* AND TRYPTOPHAN METABOLISM 


Pooled urine collections for 2 or 3 day periods were obtained when the 
basal ration was fed and also when the basal ration plus 100 mg. of dl- 
tryptophan per day was fed for the subsequent 2 to 3 day period. This 
sequence of urine collections was repeated Until the inability of the vitamin 
Be-deficient rats to convert tryptophan to nicotinic acid and N*-methyl- 
nicotinamide as determined by the urinary excretion was demonstrated. 

In the first experiments, the effect of supplementing the diet of vitamin 
Ba-deficient rats on the conversion of tryptophan to nicotinic acid and 
N^methylnicotinamide was determined after the rats had been fed the 

Table I 


Effect of Recovery from Vitamin Deficiency on Urinary Excretion of Nicotinic 
Acid and N^Methylnicotinamide by Rats Fed Tryptophan 
The valueB are expressed as micrograms excreted per rat per day. 


Dietary regimen 

Experiment I 

Experiment II 

Days 
on experi¬ 
ment 

Nico¬ 

tinic 

acid 

Nu 

Methyl 

nicotina¬ 

mide 

Days 
on experi¬ 
ment 

Nico¬ 

tinic 

acid 

Ni- 

Methyl- 

nicotina- 

mide 

Basal ration (-Be) 

41-43 

7.8 

35 

35-37 

12.5 

53 

“ “ 4* tryptophan* 

53-56 

10.8 

34 

38-40 

25.0 

235 

" “ + B.t 

57-58 

14.1 

50 

41-43 

9.4 

57 

“ “ 4* “ *f tryptophan 

59-60 

32.1 

256 

44-46 

50.0 

1327 

u u + a 

61-63 

22.7 

60 

47-49 

9.4 

118 

a a j tt j u 

64-66 

59.9 

645 

50-52 

95.8 

3240 

tt tt .j,. a 

67-68 

21.7 

144 

53-55 

11.4 

640 

it a «« 




56-58 

! 83.3 

1651 

tt a ^ 




59-60 

20.3 

381 

a tt a tt 




61-62 

81.3 

! 1930 


* In all cases 100 mg. of DL-tryptophan were fed per rat per day. 
t 250 7 of pyridoxine hydrochloride per 100 gm. of ration. 


vitamin Ba-deficient diet for a period of 56 days (Table I). In these studies 
vitamin Ba was supplied as 250 y of pyridoxine hydrochloride per 100 gm. 
of ration. In a subsequent experiment animals that had been fed the 
deficient diet for 40 days were used. Each figure represents the average 
of the values obtained for four rats used in each sequence of dietary treat¬ 
ment. 

For the studies to determine the comparative effectiveness of pyri¬ 
doxine, pyridoxal, and pyridoxamine, the animals were fed the deficient 
diet for 40 days. Since variations in food consumption would tend to 
increase the variability in the recovery of the animals when the test com¬ 
pounds were added to the ration, these tests were carried out by injecting 
the vitamin B« derivatives intraperitoneally. 25 y of pyridoxine hydrQ- 
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chloride or the equivalent of the other derivatives on a molar basis were 
injected daily. This level was selected since it approximates the mini¬ 
mum daily requirement of the rat for vitamin Be and would give a more 
critical comparison of the three vitamin B« derivatives than if greater 
amounts were given. Four vitamin B«-deficient rats were used in each 
group, and the results obtained for the three groups before and after vita¬ 
min supplementation and the sequence of tryptophan feeding are shown in 
Table II. 


Table II 

Comparative Effect of Injecting Pyridoxine , Pyridoxal, or Pyridoxamine on 
Urinary Excretion of Nicotinic Add and N l -Methylnicotinamide by 
Rats Fed Tryptophan 

All the values are expressed as micrograms excreted per rat per day. 


Dietary regimen 

Days 
on experi¬ 
ment 

Nico¬ 

tinic 

acid 

N»- 

Methyl- 

nicotina- 

mide 

Nico¬ 

tinic 

acid 

N»- 

M ethyl¬ 
nicotina¬ 
mide 

Nico¬ 

tinic 

acid 

N»- 

Metbyl- 

nicotina- 

mide 

►asal ration (—B§) 

35-37 

15.0 

108 

11.0 

68 

10.8 

54 

“ “ -f tryptophan* 

38-40 

10.6 

298 

21.3 

210 

17.7 

314 



25 y or equivalent injected per dayt 



Pyridoxine 

Pyridoxal 

Pyridoxamine 

>&8al ration 

41-43 

12.4 

96 

9.8 

94 

10.4 

90 

“ “ 4* tryptophan 

44-46 

36.5 

1002 

34.4- 

1191 

45.2 

1255 

a a 

47-49 

21.3 

258 

16.4 

290 

15.9 

243 

H it it 

50-52 | 

115.6 

2814 

79.1 

2749 

97.9 

2502 

it it 

53-55 

26.2 

423 

19.6 

450 

9.8 

349 

it ti it 

56-58 ! 

149.5 

2540 

158.2 

1440 

103.3 

1246 

a ti 

59-60 

22.5 

430 

22.0 

392 

17.2 

380 

a a a 

61-62 

68.8 

2125 

90.6 

2135 

61.9 

1540 


* 100 mg. of DL-tryptophan per rat per day. 

t Calculated as pyridoxine hydrochloride on a molar basis. Pyridoxine and 
pyridoxal were given as the hydrochloride and pyridoxamine as the dihydrochloride. 


RESULTS AND DISCUSSION 

In the present work the inability of vitamin B«-deficient rats to excrete 
relatively large amounts of nicotinic acid and N^methylnicotinamide when 
tryptophan was fed has been confirmed. For example, after 26 days on 
experiment, rats deficient in vitamin B« were fed 100 mg. of DL-tryptophan 
per day and excreted 13.3 y of nicotinic acid daily, whereas the vitamin 
B|-supplemented group excreted 374.8 y per rat daily. The corresponding 
values for N'-methylnicotinamide were 275 and 3817 y respectively. 
Similar data obtained in other experiments are shown in Tables I and II. 
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The rate of recovery from the vitamin Be deficiency when pyridoxine 
was added to the ration, as measured by the ability of the rat to convert 
tryptophan to nicotinic acid and N^methylnicotinamide, is given in Table 
I. It was clearly shown that the stage of the deficiency was an important 
factor that influenced the rate of recovery. For example, when vitamin 
B« supplementation began after 56 days on the deficient diet, 7 days 
later the excretion of nicotinic acid and N^methylnicotinamide was only 
60 and 645 y respectively, when rats were fed 100 mg. of DL-tryptophan per 
day. However, when pyridoxine supplementation was initiated on the 
41st day of the deficiency, the respective values after 9 days of vitamin 
B« supplementation were 95.8 and 3240 y. Subsequent experiments con¬ 
ducted by injecting pyridoxine or related compounds also demonstrated 
that the recovery of the anima's in terms of the excretion of nicotinic acid 
and N^methylnicotinamide was much more rapid when the animals were 
fed the deficient diet for only 40 days, as compared to the results presented 
in Table I for animals fed the deficient diet for 56 days. These results 
were consistent for all tests conducted with each group in each experiment. 

Rosen and associates (2) stated that even after 2 weeks of daily ad¬ 
ministration of 50 y of vitamin B 6 to rats which had been fed a vitamin 
Be-deficient diet for 31 days they were unable to detect an appreciable 
increase in the amounts of N^methylnicotinamide excreted when trypto¬ 
phan was fed. These workers used a higher level of casein (35 per cent 
as compared to 24 per cent) and the ingest’on of higher levels of casein ac¬ 
centuates a deficiency of vitamin B 6 (4-6); therefore their animals may 
have been more deficient in vitamin B 6 than the animals used in the present 
studies. 1 Whether these variations in the effects noted can be attributed 
to the activity of the intestinal flora or to the ability of the tissues to carry 
out the transformations involved or to a combination of these factors can¬ 
not be determined at present. 

It can be seen from the data presented in Table II that pyridoxine, 
pyridoxal, and pyridoxamine are essentially equal in their effectiveness 
and the recovery from the deficiency was very rapid. There was a large 
increase in the amounts of nicotinic acid and N^methylnicotinamide ex¬ 
creted when tryptophan was fed during the 4th to 6th days of vitamin 
supplementation. After the 10th day of supplementation the values for 
the amounts of nicotinic acid and N^methylnicotinamide excreted can be 
considered normal when tryptophan was fed (compare also with the data 
in Table I and in previous papers (1,8)). Other animals fed the vitamin 

1 Since this paper was prepared for publication, Bell et at. (7) have reported that rats 
which had received a vitamin Be-deficient diet (15 per cent casein) for 22 days ex¬ 
creted large amounts of N l -methylnicotinamide in particular, when tryptophan was 
fed 8 days after pyridoxine supplementation was initiated. 
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Bft-deficient diet continued to excrete small amounts of nicotinic acid and 
N^methylnicotinamide when tryptophan was fed. 

The conclusion that pyridoxine, pyridoxal, and pyridoxamine are equally 
effective for the rat when injected is in agreement with the work of Snell 
and associates (9, 10). The criterion for comparison used by the latter 
workers was the rate of growth. Growth data were also secured in the 
present experiments and, during the 3 weeks of recovery from the de¬ 
ficiency, the gains obtained were as follows for the pyridoxine-, pyridoxal-, 
and pyridoxamine-supplemented groups: 21.0, 22.3, and 20.7 gm. per week 
respectively, whereas the control group which received no supplement grew 
at a rate of 1.5 gm. per week. It appears therefore that the rate of trans¬ 
formation of pyridoxine and pyridoxamine to pyridoxal, recognized as the 
biologically active form of the vitamin, is sufficiently rapid to permit equal 
effectiveness for all three compounds to be demonstrated when measured 
either by the comparative rates of gain or excretion of nicotinic acid de¬ 
rivatives. 

The mechanism by which vitamin B$ functions in the conversion of 
tryptophan to nicotinic acid has not as yet been established. Indole, in- 
doleacetic acid, indolepropionic acid, indolebutyric acid, and at least cer¬ 
tain amino acids other than tryptophan are inactive precursors of nico¬ 
tinic acid for the rat, judged on the basis of the excretion of nicotinic acid 
and N^methylnicotinamide when the test compounds were fed to animals 
receiving adequate diets (8, 11, 12). 2 Rosen and associates (2) have re¬ 
ported that kynurenine, kynurenic acid, and xanthurenic acid, all metab¬ 
olites of tryptophan, are inactive as precursors of N^methylnicotinamide 
when tested with rats receiving adequate diets. A recent report by Beadle 
et al. (13) demonstrates that kynurenine is an intermediate in the forma¬ 
tion of nicotinic acid from tryptophan by Newro&pora . This suggests 
that further studies with the rat and other animals may reveal some in¬ 
formation on the pathway whereby tryptophan is converted to nicotinic 
acid and which metabolic reaction vitamin B* influences. From the known 
alterations in the metabolism of tryptophan by the B«-deficient rat and the 
work of Beadle et al. (13), it would apear that an exhaustive study of the 
effects of kynurenine, kynurenic acid, and xanthurenic acid on nicotinic 
acid* formation would be very valuable. 

The possibility that the inability of rats to convert tryptophan to nico¬ 
tinic acid derivatives also occurs with animals deficient in dietary factors 
other than vitamin Be cannot be excluded. Preliminary experiments 
have indicated that at least some reduction in the excretion of nicotinic 
acid metabolites occurred when tryptophan was fed to riboflavin- or thia¬ 
mine-deficient rats, as compared to the results obtained with rats fed ade- 


* Schweigert, B. 8., unpublished data. 
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quate diets. These studies are being extended to obtain more information 
on the specificity of a vitamin Bg deficiency on the inability of rats to trans¬ 
form tryptophan to nicotinic acid and its methylated derivative. 

SUMMARY 

Studies have been made on the rate of recovery of vitamin Bg-deficient 
rats after supplementation with pyridoxine, as measured by the amounts of 
nicotinic acid and N^methylnicotinamide excreted in the urine when 100 
mg. of DL-tryptophan were fed per day. A comparison of the relative 
activities of pyridoxine, pyridoxal, and pyridoxamine measured by the 
rate of gain and also by the amounts of nicotinic acid and N^methylnico- 
tinamide excreted in urine when tryptophan was fed was also conducted. 

The rate of recovery of vitamin B« deficiency, when pyridoxine hydro¬ 
chloride was fed mixed in the ration was dependent on the degree of de¬ 
ficiency of the rat. The addition of 250 y of pyridoxine hydrochloride per 
100 gm. of ration on the 41st day of deficiency for a period of 10 days re¬ 
stored the ability of the rats to excrete normal amounts of nicotinic acid 
and N^methylnicotinamide when tryptophan was ingested. The increase 
noted in the excretion of the nicotinic acid compounds was much smaller, 
however, when pyridoxine supplements were given to rats maintained for 
56 days on the vitamin B 6 -deficient diet as compared to the results obtained 
for animals maintained 41 days on the deficient diet. 

Pyridoxine, pyridoxal, and pyridoxamine were found to be equally ef¬ 
fective in restoring the ability of vitamin Be-deficient rats to convert 
tryptophan to nicotinic acid and in promoting gains in weight. 
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A CHICK GROWTH FACTOR IN COW MANURE 
VII. ITS STABILITY AND SOLUBILITY 
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A previous report (1) described methods of extracting and concentrating 
a new unidentified growth factor from cow manure, and summarized the 
available information on the properties of the factor. Later it was re¬ 
ported (2) that the same concentrates which counteracted the deficiency 
in the chick starting diet also counteracted the deficiency in a similar diet 
for breeding birds and permitted satisfactory hatchability. These con¬ 
centrates obviously contained much inert material, and subsequent frac¬ 
tionation experiments to be described in this paper indicated that some 
of the apparent properties of the factor were due to its association with 
protein and were not characteristic of the active factor itself. 

EXPERIMENTAL 

The fraction which precipitated at pH 3.0 from a water extract of dried 
cow manure was prepared as previously described (1). The procedures 
to which this material was subjected are indicated in Table I. 

Precipitation with (NH^SOt was accomplished as previously described 
(1), except that in some cases the concentration of (NHOaSCh was varied, 
as noted in Table I. 

Precipitation with 2 Per Cent CaCU —5 gm. of acid precipitate were sus¬ 
pended in distilled water and dissolved by adjusting the pH to 6.8. The 
volume was then adjusted to 250 ml. 5 gm. of CaCL were dissolved in 
25 ml. of water and added to the above-mentioned solution. The pH 
was readjusted to a value between 6.5 and 6.9. The precipitate was re¬ 
moved either by centrifugation or by filtration and washed twice by sus¬ 
pending in 2 per cent CaCU solution. The solution remaining after re¬ 
moval of the precipitate was, in several cases, fractionated further. In 
one case a dialysate was prepared from it with a cellophane membrane. 
In another case, 1 volume of the solution was mixed with 5 volumes of 95 
per cent ethanol. A brown gelatinous precipitate formed which was sepa¬ 
rated from the solution by filtration. In a third case the CaClrSoluble 
fraction was treated with acetone, as described below. In several cases 
the CaQrsoluble fraction was freed of Ca by adding a concentrated solu¬ 
tion of Na*COs to supply approximately 2 gm. of Na*CO« per 100 ml. of 
solution. The CaCO* was removed by filtration. 
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Table I 

Stability and Solubility of Growth Factor Found in Cow Manure 

I Potency index* of preparation fed equivalent to level of acid 
ppt. in positive control diet unless otherwise noted 


Preparation No. 



l 

2 

3 

4 

5 

6 

7 

Effect of autoclaving and pH on stability 

Acid ppt. autoclaved 2 
hrs., pH 7.0 
pH 3.0 solubles of above 
“ 3.0 ppt. of above 
Acid ppt. autoclaved 2 
hrs., pH 8.5 
pH 3.0 solubles of above 
“ 3.0 ppt. of above 
Acid ppt. autoclaved 1 
hr., 2 n HC1 

192 

-43 

100 

i 

0 

15 

81 

i 

i 

-lllf 

' 

1 

1 


i 

i 

1 

i 

! 

1 


Effect of (NH 4 ) 2 S0 4 on solubility 


Half saturated (NH 4 ) 2 S0 4 

164 

80J 


24 



34 

solubles 

pH 2.0 ppt. of above 



23 


48§ 

-143 


“ 2.0 solubles of above 



93 



-231 


(non-dialyzable) 








Half saturated (NH 4 ) 2 S0 4 

133 

4t 

-30 




104 

ppt. 

pH 3.0 ppt. of above 






135 


43% saturated (NH 4 ) 2 S0 4 
solubles 

43% saturated (NH 4 ) 2 S0 4 
ppt. 

33% saturated (NH 4 ) 2 S0 4 
solubles 

33% saturated (NH 4 ) 2 S0 4 








ppt. 

1 


i 






Effect of 2 per cent CaCl 2 on solubility 


CaCls solubles 

85 


69, 33 





Dialysate of above 

95% EtOH solubles of 


29 

29 





above 

95% EtOH ppt. of above 



13 





80% acetone solubles of 



-3,+12 | 





above 

80% acetone ppt. of 



1 

1 

33, 20 





above 

Ca-free solution of above 



31 j 

167|| 

-295 
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Potency index* of preparation fed equivalent to level of acid 
ppt. in positive control diet unless otherwise noted 


Preparation No. 


Effect of 2 per cent CaCU on solubility —continued 


CaCOi ppt. of above 
pH 3.0 solubles of above 
(Ca-free) 

pH 3.0 ppt. of above (Ca- 
free) 

CaCla ppt. 

Dialysate of above 


Solubility in 80 per cent acetone 


80% acetone solubles (1st 
and 2nd fractions 
80% acetone solubles (1st 
fractionation) 
pH 3.0 solubles of above 
“ 3.0 ppt. of above 
80% acetone ppt. (1st 
fractionation) 

80% acetone solubles of 
above (2nd fractiona¬ 
tion) 

pH 3.0 solubles of 
above 

pH 3.0 ppt. of above 
80% acetone ppt. of 
above (2nd fraction¬ 
ation) 


119 78 


107, 95 


Effect of papain digestion on solubility 


Papain digest 92 138 

pH 3.0 ppt. of above — 2j 
“ 3.0 solubles of above 77 123f 53$ 

. Norit filtrate of above 23f 

MeOH solubles of 87** 

above 

MeOH ppt. of above 43** 

Norit eluate of above 28f 

Ppt. upon heating 22§ 

above to 100° 

Solution upon heating 121 $ 

above to 100° 


52$ 

109$ 
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Table I —Concluded 

Potency index* of preparetion fed equivalent to level of acid 
ppt. in positive control diet unless otherwise noted 

Preparation No. 


Solubility in ethanol at different pH values 


Ammoniacal EtOH-insol- 

-9 

4tt 






uble fraction 

Ammoniacal EtOH solu¬ 
bles 

Neutral EtOH-insoluble 

77 

83tt 

92 





fraction 

Ammoniacal EtOH-in- 




-36ft 

2tt 

66tt 


soluble fraction of 
above 








Ammoniacal EtOH-sol- 




-39tt 


24 tt 


uble fraction of above 
pH 3.0 ppt. of above 




44tt 




“ 3.0 solubles of above 




52ft 




Neutral EtOH solubles 




61 tt 

39tt 

32tt 


Fraction ppt. at 2° 



7 





“ soluble at 2° 



43 





Acid (pH 4.0) EtOH-in¬ 







61 tt 

soluble fraction 

Acid (pH 4.0) EtOH sol¬ 







3tt 

ubles 









' (Weight supplemented group — weight negative control) ^ ^ 

(Weight positive control — weight negative control) 
t Equivalent to level of acid precipitate X 1.5. 
t Equivalent to level of acid precipitate X 0.33. 

{ Equivalent to level of acid precipitate X 2. 

|| Equivalent to level of acid precipitate X 1.2. 
f Fed as 1 per cent of the diet. 

** Equivalent to level of acid precipitate X 4. 

tt Obtained by 1 week assay; all other figures obtained by 4 week assay. 


Precipitation from 80 Per Cent Acetone Solution —30 gm. of acid precip¬ 
itate were dissolved in 1500 ml. of water at pH 7.0. 6 liters of acetone 

were added, 2 liters at a time, with shaking after each addition. The mix¬ 
ture was allowed to stand overnight and the precipitate was then removed 
by filtering with suction. The acetone solution was concentrated in a 
vacuum still at 40°. It contained approximately 20 gm. of solid matter. 
The precipitate was dissolved in 1 liter of water and reprecipitated with 4 
liters of acetone, added in three portions, with shaking. The properties 
of this second precipitate were different from those of the first. The second 
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precipitate was darker in color, settled more slowly, and could not be 
separated by filtration. A portion of the supernatant liquid was removed 
by siphoning and the remainder was separated from the precipitate by 
centrifugation. The second acetone solution was concentrated in the same 
manner as the first. The second precipitate, after drying in a vacuum oven 
at 45°, weighed 5 gm. 

Digestion with Papain —The acid precipitate was dissolved in water at pH 
7.0, the concentration being 2 gm. of acid precipitate per 100 ml. of solu¬ 
tion. The solution was adjusted to pH 5.0 with HQ. The slight pre¬ 
cipitate which formed was separated by centrifugation. The solution was 
divided into 250 ml. portions, each of which was placed in a 500 ml. Erlen- 
meyer flask with 25 gm. of papain. Toluene was added and the flasks 
were incubated at 37° for 48 hours with periodic shaking. The contents 
of the flasks were combined, and the undissolved enzyme preparation was 
separated by centrifugation and twice washed by resuspending in water 
and centrifuging. The original supernatant was filtered with suction to 
remove a small amount of very fine suspended matter and was then com¬ 
bined with the washings. A portion of the combined solution was acidified 
to pH 3.0, and the resulting precipitate was removed by centrifugation. 
The remaining solution was divided into two equal parts, one of which was 
stirred for 90 minutes with 10 gm. of norit. The norit was allowed to 
settle for 5 minutes and then removed by suction filtration. The norit 
was washed once with water and the washings combined with the original 
filtrate. The norit and filter paper were covered with 700 ml. of 10 per 
cent NH,OH and stirred for 5 hours at room temperature. The norit was 
separated from the eluate on a suction filter and washed with 10 per cent 
NH4OH. The combined eluate and washings were boiled for 3 hours to 
remove NH*. 

One portion of eluate was concentrated to a sirup and treated with a 
large excess of absolute methanol. A white precipitate formed and was 
separated by filtration with suction. 

Extraction with Ethanol —To 9 gm. of acid precipitate in a round bottom 
flask was added 1 liter of 95 per cent ethanol. The mixture was heated 
2 to 3 hours at 65-70° under a reflux condenser, and then filtered. The 
residue was washed twice with 50 ml. portions of hot ethanol and then re¬ 
turned to the flask and refluxed with a second, and then with a third, 
1 liter portion of ethanol. The final residue, after drying, weighed 4.7 gm. 
The combined extracts were allowed to stand 3 days at 2°. A precipitate 
formed which was removed by centrifugation. The supernatant liquid 
was concentrated under reduced pressure. 

Extraction with ammoniacal ethanol was accomplished in much the 
same way as outlined above, except that the solvent consisted of 900 ml. 
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of 95 per cent ethanol and 100 ml. of concentrated NH4OH. Two extrac¬ 
tions were made, each of 4 hours duration. The residue weighed 5.4 gm., 
or 60 per cent of the original weight of the acid precipitate. 

The combined extracts were concentrated (in one case at 90° and in 
another at 70°) under reduced pressure to a sirup and then to dryness on a 
steam bath. 

Testing of Preparations —Most of the testing was done by the method 
described by Rubin and Bird (1). However, in the later stages of the work, 
a short test was suggested by the finding that high levels of soy bean meal 
increased the requirement for the factor (3) and by the report of Zucker 
et al. (4) that weight differences were observed within 2 or 3 days after ef¬ 
fective supplements were given to young rats fed a diet high in vegetable 
protein. In the short test, as in the older method, chicks were obtained 
from hens fed a diet low in the essential factor, with the additional pre¬ 
caution that all hens producing eggs of high hatchability when fed this 
diet were eliminated. It has been shown that the progeny of such hens are 
not very susceptible to the deficiency (5). All chicks were fed the basal 
diet until 2 weeks old and then groups of twelve birds, carefully equalized 
with respect to weight and ranging in individual weight from 65 to 90 
gm., were placed in cages in an air-conditioned room at 25.5° and continued 
on the basal diet, except that each test group received as a supplement one 
of the fractions to be tested. In each experiment a negative control group 
was fed the basal diet alone and a positive control group the basal diet 
plus 0.15 per cent of the acid precipitate fraction. The composition of 
the basal diet was yellow com 23.0 per cent, alfalfa leaf meal 3.0, soy bean 
meal 70.0, butyl fermentation solubles (containing 250 7 of riboflavin per 
gm.) 0.6, steamed bone meal 1.5, limestone 1.0, salt (96 per cent NaCl, 
4 per cent MnS04-4H 2 0) 0.7, and vitamins A and D feeding oil (400 
A. O. A. C. units of vitamin D, 2000 U. S. P. units of vitamin A per gm.) 
0.2. 1 mg. of nicotinic acid was added to each 100 gm. of diet. 

When the short test was first tried good results were obtained in 1 week 
in a number <rf cases. The results of several of these tests are included in 
Table I. Recently the response of chicks to effective supplements has been 
slower, making it necessary to resort to a test period of 2 weeks. Even 
this is a considerable improvement over the older method, which required 
4 weeks. 


RESULTS AND DISCUSSION 

The effects of the various fractions upon growth of chickens are sum¬ 
marized in Table I. To facilitate comparison of the results of different 
tests, all results were expressed as “potency indices” rather than as average 
weights. The method of calculating the potency index is indicated below 
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Table I. An index of 0 indicates that the growth of chicks fed the supple¬ 
mented diet was no better than the growth of chicks fed the basal diet. 
Supplements having an index of 100 were as effective as the original acid 
precipitate in equivalent quantities. Supplements having indices above 
or below 100 were proportionately more or less effective than the original 
acid precipitate, both being fed in equivalent quantities with a few ex¬ 
ceptions, which are noted in Table I. 

As reported previously (1), the growth factor was stable to autoclaving 
at neutral pH. It was destroyed by autoclaving with 2 n HCl. It was 
not destroyed by autoclaving 2 hours at a pH of 8.5, since that portion of 
the solution which was acidified to pH 3.0 after autoclaving yielded a potent 
precipitate. The remainder of the solution was added to the diet without 
adjusting the pH, since the pH had decreased from 8.5 to 7.6 during auto¬ 
claving. The activity disappeared from this part of the solution, pre¬ 
sumably after mixing with the diet or while it was held at pH 7.6 before 
mixing. The active factor was still precipitated at pH 3.0 after auto¬ 
claving at pH 8.5 or 7.0. 

Precipitation of inert material by half saturation with (NH^SO* proved 
to be an unsatisfactory procedure because the results were not readily re¬ 
producible. The first three times it was tried the greater part of the 
potency was in the soluble fraction, but in later experiments most of the 
active material, and in one case all of it, was precipitated. Precipitation 
at 43 or 33 per cent saturation with (NHO 2 SO 4 did not offer any greater 
promise. The active material as it occurred in the (NH^SC^ solubles was 
not precipitated at acid pH (Preparation 3); as it occurred in the redis¬ 
solved (NH 4 ) 2 S0 4 precipitate, it was precipitated by acid (Preparation 6). 
It seems likely that the factor was associated with protein in the (NHOjSOi 
precipitate, but that it was free of such association in the solubles. The 
factor in its (NH 4 )2S0 4 -soluble, acid-soluble state was apparently non- 
dialyzable (Preparation 3). 

Like the (NH 4 ) 2 S0 4 procedure, precipitation with 2 per cent CaQ* re¬ 
moved much inert material, while leaving a considerable portion of the 
active factor in solution. However, removal of the calcium as CaCO* 
removed varying quantities of the activity, and in Preparation 5 the cal¬ 
cium-free solubles were devoid of activity. The active factor in the CaQ* 
solubles as in the (NHO2SO4 solubles was not precipitated at acid pH. 

When acetone to the extent of 80 per cent concentration was added to 
solutions of the growth factor, activity was divided between the solution 
and the precipitate, but if the precipitate was redissolved and reprecip¬ 
itated, the second precipitate contained little of the factor, most of it 
being in the two soluble fractions. The factor as it occurred in 80 per 
cent acetone was partially soluble and partially precipitable at pH 3.0. 
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After digestion of the acid precipitate with papain the factor was not 
precipitable at pH 3.0. This confirms the supposition stated above that 
precipitation of the factor by acid was the result of association with protein. 
A precipitate containing relatively little of the factor formed in the soluble 
fraction at pH 3.0 when this was neutralized and heated to boiling. This 
precipitate is believed to have been derived largely from the papain prepara¬ 
tion. The factor present in the papain digest apparently was incompletely 
adsorbed by norit, and that which was adsorbed was incompletely eluted 
by 10 per cent NH<OH. In view of the destruction of the factor after 
autoclaving at pH 8.5, it is also possible that some potency may have been 
lost from the eluate as it was boiled to remove NHj. This was done at 
atmospheric pressure. 

The factor was readily extracted from the acid precipitate by ammoniacal 
ethanol but not by neutral or acid ethanol. After extracting with neutral 
ethanol at 65-70° to remove some inert material, the residue did not yield 
its content of the factor as readily to ammoniacal ethanol as did the original 
precipitate. The results obtained with Preparation 4 are similar to those 
obtained after autoclaving at pH 8.5, in that the ammoniacal ethanol ex¬ 
tract was inactive when fed as such but showed activity in both fractions 
when it w T as adjusted to pH 3.0 and separated into the precipitate and the 
solution. These results suggest further investigation of the lability of the 
active material in weakly alkaline solutions and especially during the dry¬ 
ing of such solutions. 

The previously reported precipitation of the active material at pH 3.0 
was undoubtedly due to the presence of protein, since digestion with papain 
left the factor no longer precipitable at this pH. The precipitation of 
the factor with protein at pH 3.0 was probably due to occlusion or copre¬ 
cipitation rather than to chemical combination of the factor with the pro¬ 
tein molecule, because in 2 per cent CaCl 2 solution and in several cases in 
half saturated (NH^jSO* solution the protein precipitated and left the active 
factor in solution in a form no longer precipitable at pH 3.0. 

McGinnis et al. (6) reported that an ethanol-soluble fraction of liver 
contained a factor essential to the growth of chickens fed a basal diet 
similar to the diets used in these studies. This factor was dialyzable, 
soluble in water at pH 3.0, and not adsorbed by activated charcoal at pH 
values from 2.0 to 5.0. The properties reported by McGinnis and those 
reported in this paper are in good agreement except for the results of 
dialysis experiments, and since these were probably carried out under dif¬ 
ferent conditions and certainly with different preparations they would not 
exclude the possibility that a single factor was involved in both studies. 
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SUMMARY 

The essential dietary factor for chickens previously reported to be present 
in concentrates prepared from cow manure was soluble in water at pH 3.0 
if the protein was previously removed by digestion with papain, or by pre¬ 
cipitation from half saturated (NH^SC^ solution or 2 per cent CaG* 
solution. The factor was soluble in 80 per cent acetone. It was extracted 
from the crude acid precipitate containing protein and other inert material, 
to a slight extent by neutral ethanol, and completely by ammoniaca! 
ethanol. It was stable when autoclaved 2 hours at neutral pH but readily 
destroyed by autoclaving 1 hour with 2 n acid. j There was some evidence 
of destruction of the factor when it was allowed to stand in slightly alka¬ 
line solutions or when such solutions were dried. 

A method of assaying preparations for their content of the factor by a 
growth test of 1 or 2 weeks duration was developed. 
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THE HYALURONIDASE INHIBITOR OF HUMAN BLOOD 
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The disappearance of the “spreading factor” from the blood stream after 
intravenous injection was demonstrated by Duran-Reynals. He suggested 
the presence of a substance in blood which destroys the “spreading factor” 
(1). Hobby et al (2) found evidence of the inhibition of hyaluronidase 
prepared from Clostridium welchii and certain strains of streptococci by 
normal human and rabbit serum. This effect was ascribed to salt forma¬ 
tion between albumin and hyaluronic acid. 

McClean (3) reported that hyaluronidases prepared from bull, rabbit, 
and mouse testes were inhibited by guinea pig, rabbit, sheep, horse, mouse, 
and human serum. Heparin, chondroitin sulfate, and gastric mucin were 
found to be inhibitory, while Shiga-Kruse polysaccharide and blood group 
A hapten were without activity. The inhibitor in blood was not considered 
identical with any of these substances, since chemical properties indicated 
that it was pseudoglobulin in nature. 

A recent series of papers by Haas (4-6) has revived interest in the nature 
of the hyaluronidase inhibitor in blood. On the basis of reaction rates and 
effects of temperature changes it was concluded that the substance in 
blood is an enzyme and the name “antinvasin I” was suggested. Compari¬ 
son of the relative activity of blood sera from different species on different 
hyaluronidases led to the conclusion that there exists a complex system 
consisting of at least two different antinvasins and a substance accompany¬ 
ing hyaluronidase which was named “proinvasin.” Haas suggests that 
this complex system is responsible for defense against bacterial invasion. 
This work was done with crude hyaluronidases and no account was taken 
of the possible effects of contaminating enzymes. 

In a preliminary report (7) from this laboratory evidence was presented 
casting doubt on the enzyme nature of the substance in blood which in¬ 
terferes with hyaluronidase activity. More recently Hechter (8) has 
studied the effect of serum on the spreading activity of hyaluronidase 
and fflund evidence of inhibition. He quotes unpublished work by Hi- 
didian and Pirie as proving that the serum factor acts as an inhibitor rather 
than an enzyme. 

* Present address, Department of Pediatries, University of Chicago. 
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Leonard and Kurzrok have shown that serum also inhibits the dispersal 
by hyaluronidase of follicle cells surrounding the ovum (9). 

The effects discussed above are all presumably due to a physiological 
substance in blood serum. This should be distinguished from the specific 
antibodies for individual hyaluronidases which have been repeatedly 
demonstrated (10-13). 

It is the purpose of this report to present evidence showing that the 
behavior of the substance in blood is inconsistent with the thesis that it is 
an enzyme. A relatively simple method has been devised for the estima¬ 
tion of this substance and some success has been achieved in its purifica¬ 
tion. All studies have been concerned only with inhibition of bovine 
hyaluronidase by human serum. 


Methods 

The viscosity method of Madinaveitia and Quibell (14) was used as 
modified by Haas (4). Due to the tedious nature of this method it was 
used only for comparative purposes and was finally abandoned in favor of a 
simpler turbidity method. Materials used were prepared as previously 
described (15). 

Before examining results obtained by the viscosity method it is neces¬ 
sary to consider the method of calculation of activity. If the time re¬ 
quired to reach a half reduction of viscosity of a given amount of hyalu¬ 
ronic acid in the presence of hyaluronidase (half life time) is called Ro, the 
activity of hyaluronidase may be expressed as the reciprocal of the 
half life time (l/Ro). If the same amount of hyaluronidase is mixed with a 
given amount of serum, a new half life time is obtained which may be 
designated as R . The activity of hyaluronidase remaining after the action 
of serum can be expressed then as l/R and the amount of hyaluronidase 
that is destroyed (or inhibited) is I/Rq — l/R. Haas has used this method 
of computation in some experiments but in others he has used the expres¬ 
sion ( R — Ro)/Rq. The derivation and meaning of this expression are not 
given. It is not equal to the previous expression (l/Ro — l/R) and has 
no meaning when methods of hyaluronidase assay not involving the half 
life time are used. Using the method as described by Haas, we have been 
unable to find any linear relationship between activity and amount of 
serum. If, however, activity is expressed in terms of amount of hyaluroni¬ 
dase activity destroyed (1/JSo — l/R), linearity is obtained. Under 
these conditions the results obtained by the turbidity method do not 
differ significantly from those by the viscosity method. 

The turbidity method used is essentially that described in a previous 
publication from this laboratory (15). A standard curve for hyaluronidase 
is run daily to check on reagents and methods. It has been previously 
pointed out that the activity of hyaluronidase varies with different prepa- 
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rations of hyaluronic acid. In order to obviate this difficulty we have 
defined our unit in terms of the activity of a given amount of a standard 
hyaluronidase preparation. No evidence of change has been found in 10 
months storage in the dry state at —20°. 

To determine inhibitor in serum the following method is used. Standard 
enzyme is diluted in 0.1 m borate buffer at pH 7.4 so as to contain 24 
units per ml. 0.5 ml. of this solution is mixed with 0.5 ml. of diluted serum 
(serum is diluted with 0.15 m NaCl to appropriate concentration, depend¬ 
ing on activity) and the mixture is incubated for 10 minutes at 24°. At 
the end of this time the mixture is brought to 38° and 1 ml. of hyaluronic 
acid made up in 0.3 m phosphate buffer at pH 5.5 is added. This mixture 
is incubated at 38° for 45 minutes, after which time the turbidity is de- 


Table I 

Comparison of Activity of Sera As Determined by Viscosity and Turbidity Methods 


; 

* 1 
Sample No. 

Viscosity 

Turbidity, unit* per ml. 

1-1 per mL 

R - R* . i 

a 

1 

86 

46 ! 

83 

2 

58 

19 

56 

3 

51 

29 

51 

4 

45 

11 

35 

5 

32 

7 

32 

6 1 

i 

92 

64 

72 


veloped and read as previously described. Turbidity developed due to the 
addition of the serum is corrected for by a blank containing all reagents 
except hyaluronidase. The activity of serum is determined in terms of 
amount of enzyme which has been inhibited. 1 unit of inhibitor is that 
amount which will inhibit 1 unit of hyaluronidase. Results are expressed 
in terms of units of inhibitor per ml. of serum. Table I shows the results 
of assay of six sera by both the viscosity and turbidity methods. With 
the methods as outlined above the results obtained are comparable to those 
obtained by the viscosity method, provided calculations are made by the 
formula 1/Rq — l/R. If the formula (R — Ro)/Ro is used, this is not 
true. It will be noted that not only do the absolute values differ but the 
relative values on different sera do not agree. 

Since good agreement between the turbidity and viscosity methods 
was obtained, the turbidity method was used in the remaining studies. 

EXPERIMENTAL 

Relationship of Activity to Concentration of Serum —It has previously been 
demonstrated by the viscosity method that the activity of serum varies 
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linearly with serum concentration (4). In this case activity was expressed 
as a function of hyaluronidase destroyed. Similar experiments by the 
turbidity method have confirmed this finding. The results of such an ex¬ 
periment are shown in Fig. 1. The curve shown is the calculated regression 
line by the method of Fisher (16) from the observed points up to and in¬ 
cluding 0.05 ml. of serum. It is obvious that above this point the curve 
shows flattening. For this reason, values were accepted as valid only if 
destruction did not exceed 4 units (in the presence of 6 units) of hyaluroni¬ 
dase. If the amount of enzyme inhibited falls below 2 units, the intrinsic 
error of the turbidity method becomes very large. This is illustrated by 



0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

ML. SERUM 

Fig. 1. Relationship of hyaluronidase inhibitor activity to serum concentration. 

the following example. If 0 units of hyaluronidase are added and 1 unit 
is inhibited by a given amount of serum, 5 units will remain. In a pre¬ 
vious publication it has been shown that at this level the coefficient of vari¬ 
ation in the turbidity determination is about 5 per cent; thus the value of 
5 units may be considered as 5 ± 0.25. Since the inhibitor value is ob¬ 
tained by difference from 6, its value will be 1.0 ± 0.25 unit; thus the error 
in the inhibitor becomes ±25 per cent, although the actual experimental 
error in the determination is only ±5 per cent. By this same type of 
calculation it can be shown that with between 2 and 4 unit# of inhibitor the 
coefficient of variation should vary between 5 and 20 per cent. In a series 
of 300 determinations done under these conditions the coefficient of vari¬ 
ation was found to be empirically ±14 per cent. 
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Effect of Hyaluronida8e Concentration on Activity of Serum —It has pre¬ 
viously been claimed that the activity of serum is directly proportional to 
hyaluronidase concentration (4). This is to be expected whether the sub¬ 
stance in serum is an inhibitor or an enzyme, provided the amount of 
hyaluronidase is low. If the concentration of hyaluronidase is in excess of 


Table II 

Effect of Hyaluronidase Concentration on Activity of Serum 


Hyaluronidase present, units ... 1 

6.0 

8.0 

10.0 

“ inactivated, units . 

3.1 

3.2 

3.1 




Fig. 2. Rate of reaction between serum and hyaluronidase 


that required for maximum activity, the activity of the serum should be¬ 
come independent of hyaluronidase concentration. That this is so is shown 
by the data in Table II. 

Effect of Time on Reaction between Hyaluronidase and Serum —The next 
group of experiments was performed in order to determine the effect of time 
on the activity of blood serum. This is one of the criteria upon which 
Haas has concluded that the substance in question is an enzyme. The 
results of such an experiment are shown in Fig. 2. It will be noted that the 
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reaction is apparently complete in 5 minutes, despite the fact that only 
50 per cent of the hyaluronidase present has been inhibited. When Haas’ 
data (4) are recalculated by the formula (1 /R 0 — l/R), his results are found 
to agree well with those in Fig. 2. 

The findings in this experiment are inconsistent with the assumption that 
the substance in question is an enzyme. 

Effect of Temperature on Activity of Serum —The next experiments were 
performed to study the effect of temperature on the rate of reaction be¬ 
tween serum and bovine testicular hyaluronidase. Table III illustrates 
the results of a group of such experiments. The serum and enzyme were 
mixed and kept at the indicated temperature. After 10 minutes hyaluronic 
acid dissolved in 0.3 m phosphate buffer was added and the mixture brought 
to 38° for the determination of the remaining hyaluronidase. It will be 
noted that higher activity was consistently obtained at lower temperatures. 


Table III 

Effect of Temperature on Reaction of Serum and Hyaluronidase 


Sample No. 

7° 

| 17° 

27° 

38° 







Units per ml. serum 


1 

79 

! 76 

66 

47 

2 

100 

100 

71 

51 

3 

94 

i 92 

79 

48 


With some purified preparations (prepared according to the method of 
Hahn (17)) no difference between different temperatures was obtained. 

The activities at these temperatures are at variance with those pre¬ 
viously reported (4) and are again inconsistent with the assumption that 
the active substance in blood is an enzyme. 

The decrease in activity at higher temperatures might be due to the 
presence of contaminating enzymes in the hyaluronidase preparations, 
which destroy the inhibitory substance in serum. That this is true is 
suggested by the fact that no change with temperature was obtained with 
some purified preparations. 

Such contaminating enzymes may be responsible for the effects described 
by Haas as due to proinvasins. It seems unnecessary to postulate a com¬ 
plex scheme for the explanation of these effects. 

Effect of pH and Salt Concentration on Activity of Serum —Studies on the 
effect of pH and salt concentration on the reaction between serum and 
hyaluronidase were made difficult by the high buffer capacity of serum. 
Marked inhibition of activity was found at an ionic strength above 0.2, 
while if the ionic strength was below 0.1, difficulty was encountered in 
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maintaining a constant pH with different amounts of serum. If a 0.1 M 
borate buffer at pH 7.4 was used, this difficulty was circumvented. 

Table IV shows the variation in serum activity with variation of pH at 
constant ionic strength (a = 0.12). In general these results confirm those 
previously reported. 

The inhibition of the reaction by phosphate and sulfate ions has been 
confirmed. The effect of sulfate is of practical importance, since the pur¬ 
ification of hyaluronidase usually involves ammonium sulfate purification. 
Care must be taken to remove sulfates completely prior to use of hyaluroni¬ 
dase for determination of inhibition by serum. 


Table IV 

Effect of pH on Activity of Serum 


Serum No. 

pH 5.8 

| pH 6.6 

pH 7.6 

pH 8.3 

Unite per ml. serum 

1 

0 

63 

58 

60 

2 

0 

34 

46 

40 


Table V 

Variation of Serum Hyaluronidase Inhibitor with Age and Sex 
The results are expressed in units per ml. 



Males 

Females 

Age, yrs. . 

0-15 

16-30 

31-45 

>45 

16-30 

31-45 

No. of individuals.. 

7 

32 

8 

7 

10 

13 

“ “ determinations . 

17 

53 

11 

12 

25 

26 

Mean. 

126.7 

85.1 

89.1 

149.4 

112.4 

117.6 

Standard deviation. 

39.8 

34.6 

35.4 

58.6 

42.6 

32.8 


Chemical Properties 

Stability —As previously pointed out, the substance in blood which in¬ 
hibits hyaluronidase is quite unstable. At 50° the activity is completely 
destroyed in 10 minutes at pH 7.4. Even at 4° at this pH there is about 
25 per cent destruction in 48 hours. Some variation has been found in 
different sera, thus making it difficult to draw final conclusions as to the 
stability at lower temperatures. 

All sera tested were stable at —20°, some having been kept for as long 
as 6 months with no detectable loss of activity. 

Purification —The inhibitor is apparently of large molecular w ei ght, 
since it does not dialyze. It can be separated from serum by Method 6 of 
Cohn el al. (18) and the activity can be quantitatively recovered in Frac¬ 
tions II and III. 
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All of the activity is found in the plasma. No difference between the 
activity of serum and plasma has been found. 

Distribution in Normal Human Serum 

Nothing is known regarding the distribution of this substance in normal 
or pathological states. Table V gives the results from a number of normal 
individuals divided by age and sex. By Fisher’s t test it is found that males 
of reproductive age (15 to 45) have a significantly lower range than any 
other group studied. An insufficient number of female children or females 
over 45 years have so far been studied from which to draw definite con¬ 
clusions regarding these groups. The wide variations within the normal 
group remain to be explained. Preliminary evidence indicates that the 
inhibitor level in the serum of males is inversely related to the hyaluronidase 
concentration of semen. 


DISCUSSION 

There seems to be little question that there exists in the blood of a number 
of species of animals an inhibitor of the enzyme hyaluronidase. This sub¬ 
stance is apparently quite distinct from specific antibodies to particular 
hyaluronidases. The question of specificity of the inhibitor for particular 
hyaluronidases remains for future work, since a final answer can only be 
obtained when pure hyaluronidases are available. The work reported here 
has been concerned only with the reaction between bovine testicular 
hyaluronidase and human serum. 

The evidence presented in this paper lends no support to the thesis that 
the substance in blood is an enzyme. The findings are consistent with the 
idea that this substance is an inhibitor. McClean (3) has Bhown that a 
number of polysaccharides act as inhibitors of hyaluronidase, and the 
suggestion has been made that this substance in blood is a competitive 
inhibitor (8). Since present evidence indicates that the inhibitor in blood is 
protein in nature, it is unlikely that any of the carbohydrates used by 
McClean are responsible for the inhibition in serum. It is possible, how¬ 
ever, that it may have a polysaccharide prosthetic group which permits it 
to act as a competitive inhibitor. 

The significance of variations in distribution of this substance remains 
to be determined. The relationships to sex and age together with the 
known r61e of hyaluronidase in fertilization suggest that this enzyme sys¬ 
tem is probably under endocrine control. Elucidation of these mec hanisms 
may serve to further our understanding of the mechanism of action of 
certain hormones. 



A. DORFMAN, M. L. OTT, AND B. WHITNEY 629 


SUMMARY 

1. A simple and rapid method has been devised for the estimation of 
hyaluronidase inhibitor in human blood. 

2 . Kinetic studies on the inhibition of hyaluronidase of bovine testes in¬ 
dicate that this substance is an inhibitor rather than an enzyme, as previ¬ 
ously claimed. 

3. Chemical studies suggest that this substance is protein in nature. 

4. Studies of blood levels in, normal individuals show a lower level in 
males of reproductive age than in other groups studied. 
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THE VITAMIN A CONTENT OF FETAL RATS FROM 
MOTHERS ON A HIGH CHOLESTEROL DIET* 

By MARTIN B. WILLIAMSON 

(.From the Harvard Medical School and the Massachusetts Eye and Ear 
Infirmary, Boston) 

(Reoeived for publication, March 25, 1948) 

The concentration of vitamin A in fetal livqr and plasma has been re¬ 
ported to be considerably lower than that found in maternal liver and 
plasma (1—5). Although various factors may contribute to this maternal- 
fetal difference, a placental mechanism which limits the movement of 
vitamin A to the fetus seems to be involved. Lund and Kimble (4) have 
suggested that the passage of vitamin A to the fetus may be related to, or 
limited by, the lipide metabolism of the placenta. More recently, it has 
Been shown that the lipide concentration in the placenta influences the 
movement of maternal nutrients to the fetus (6). 

It seemed possible, therefore, that an alteration in the lipide metabolism 
of the placenta might affect the transplacental movement of vitamin A. 
For this reason, the r61e of lipides in the placental transmission of vitamin 
A was studied, with the technique by which Popj&k (6) had shown that 
the feeding of a high cholesterol diet will cause a large„deposition of choles¬ 
terol esters and some excess of neutral fat over normal in the placenta. In 
the present experiments, an attempt was made to determine the effect of a 
high concentration of lipide in the placenta on the movement of vitamin A 
from the mother to the fetus. 1 


EXPERIMENTAL 

In order to maintain the control and experimental animals at approxi¬ 
mately the same level of vitamin A nutrition, weanling,female rats, to be 
used eventually as maternal animals, were kept on a vitamin A-free diet 
until the growth curve began to level off. From this time onward, small 

* This work was supported by a grant from the Foundation for Vision for the study 
of Retrolental Fibroplasia. 

1 The question of the transport of vitamin A across the placenta became of interest 
to us in connection with the study of congenital eye lesions. It has been shown that 
pregnant animals, severely deficient in vitamin A, will produce fetuses with mal¬ 
formations of the eye which resemble the fibroplasia found behind the lenses of some 
premature infants (7-9). However, the deficiency required in the experimental 
animals is so severe that the fetuses are usually resorbed and only rarely bom alive 
(7, 8). If the placental permeability could be depressed, the fetuses might be es¬ 
sentially deprived of vitamin A, while the maternal animals would still contain 
enough vitamin A to complete gestation successfully. 

681 
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oral supplements of vitamin A were given until the animals reached a 
weight of about 200 gm.; they were then bred. The vitamin A supple¬ 
ments were continued until the end of the experiment. 

In Experiment I, the vitamin A supplements were begun about 6 weeks 
before breeding. A total of 325 i.u. of vitamin A was given in 63 days. 
2 days before mating, these rats were divided into two groups. The 
control group was continued on the basal diet; the experimental animals 
were fed a 2.5 per cent cholesterol diet, prepared by substituting repreci¬ 
pitated cholesterol (6) for an equal weight of sucrose in the basal diet. 
In Experiment II, the same procedure was followed, except that a total of 
95 i.u. of vitamin A was given in 50 days, and the rats were divided into a 
control group and one receiving 5 per cent cholesterol before breeding. 
Another experiment was attempted in which the maternal rats were fed 
an 8 per cent cholesterol diet. The animals on this diet resorbed their 
fetuses when gestation was about half completed. 

The basal diet consisted of 68 gm. of sucrose, 18 gm. of vitamin-test 
casein (Smaco), 10 gm. of corn oil, 4 gm. of salt mixture (10), 0.8 mg. of 
thiamine, 0.8 mg. of riboflavin, 0.8 mg. of pyridoxine, 1.0 mg. of calcium 
pantothenate, 10 mg. of nicotinamide, and 10 mg. of inositol. In addition, 
all the animals received a weekly supplement of 50 i.u. of vitamin D 2 , 
1.2 mg. of a-tocopherol, and 7.5 y of 2-methylnaphthoquinone. 

Shortly before the completion of gestation, blood samples were taken 
from the maternal rats by heart puncture. They were then killed and the 
fetuses removed from the uterus. Maternal liver samples were also taken. 
All the tissue samples, and the plasma obtained, were frozen at once and 
kept in the ice box (—4°) until they were analyzed for their vitamin A con¬ 
tent (usually 1 to 3 weeks). In Experiment I, two litters were obtained 
within 2 hours after birth. In no instance was milk found in the stomachs 
of the young. 

The plasma vitamin A was determined by the spectrophotometric 
micromethod of Bessey et al. (11). The whole fetuses, the liver samples, 
and a number of placentae were analyzed for their vitamin A content by 
the method previously used (12). The tissue samples were digested in 
5 to 10 volumes of alcholic potassium hydroxide (3.5 n in 60 per cent 
ethanol) on a hot water bath for 30 minutes, and then extracted with a 
1:1 mixture of xylene and kerosene. The absorption of the vitamin A in 
the extract was measured in a Beckman spectrophotometer, before and 
after ultraviolet irradiation, and compared with a standard curve of the 
absorption of known amounts of crystalline vitamin A alchohol, similarly 
treated. 

The placental fat was determined from an ether extraction of an acidified, 
alkaline hydrolysate of the tissue. Although only the fatty acids and the 
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non-saponifiable fractions of the total fat are measured by this procedure, 
it is adequate for comparative purposes. 

RESULTS AND DISCUSSION 

The ether-extractable lipide fraction from the hydrolyzed placental 
tissue showed markedly divergent values for the control and the cholesterol- 


Table I 

Distribution of .Vitamin A in Maternal Rats 


Experi¬ 
ment No. 

No. of ma¬ 
ternal rats 

| No. of 
fetal rats 

Diet 

Weight 

Plasma vi¬ 
tamin A 

Liver vi¬ 
tamin A 





gm. 

I.U. 
per cent 

I.U. 

per gm. 

I J 

6 

36 

Control 

245 

86 

19.1 


6 

44 

2.6% cholesterol diet 

246 

93 

21.6 

II 

9 

65 

Control 

192 

45 

6.6 

*— V— 

6 

38 

5% cholesterol diet 

194 

41 

6.9 

■ 



Fig. 1 . The effect of feeding a 2.5 per cent cholesterol diet to maternal rats on the 
vitamin A content of the fetal livers. Each point represents the average results 
from one litter. O control fetal livers, • experimental fetal livers. 

fed rats. The control placentae contained an average of 1.85 per cent of 
ether-extractable material, while the placentae from the experimental 
rats contained 4.53 per cent on the basis of fresh tissue. 

The distribution of vitamin A in the maternal animals is shown in Table 
I. It can be seen that the control and the corresponding experimental 
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maternal animals contained approximately the same amount of vitamin 
A. Presumably, both groups in each experiment could supply their 
fetuses with about the same amount of vitamin A, and therefore the differ¬ 
ences in the vitamin A content of the fetuses can be attributed to a differ¬ 
ence in vitamin A transmission through the placentae. 



Fig. 2. The effect of feeding a 5 per cent cholesterol diet to maternal rats on the 
vitamin A content of the fetuses. A fetuses from mothers on a normal stock diet, O 
fetuses from control rats, and • experimental fetuses. The pjints on the graph 
shown with a I have been computed from the analyses of fetal livers. 

In Experiment I, the control fetal livers contained about 50 per cent 
more vitamin A per gm. than was found in the livers of the fetuses from 
the cholesterol-fed mothers. The vitamin A content of the fetal livers 
as a function of fetal weight is presented in Fig. 1. A comparison of the 
results indicates that vitamin A accumulates more rapidly in the control 
fetal livers. 

Fig. 2 shows the results of the analyses of whole fetuses obtained in 
Experiment II. For comparison, the vitamin A content of whole fetuses 
from mothers who were kept on a normal stock diet is included. The 
fetuses from the cholesterol-fed mothers contained significantly less vitamin 
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A than those from the control mothers. Four of the values plotted in 
Fig. 2 were computed from the analyses of fetal livers. 

Okey (13, 14) has indicated that large amounts of fat and cholesterol 
are deposited in the livers of cholesterol-fed guinea pigs. The livers of 
the cholesterol-fed maternal rats in our experiments showed the typical 
light color associated with fatty deposits in the liver. The control maternal 
livers appeared to be normal. There was no grossly observable difference 
in the fetal livers ffom the control or experimental animals. 

Because of the low vitamin A content, and the small amount of tissue 
available, the results of the vitamin A analyses of the placentae were not 
considered highly reliable. However, there was no appreciable difference 
in the range of values for the control and the experimental placentae. 

The preceding data demonstrate that an inverse relationship exists 
between the lipide content of the placenta and the movement of vitamin 
A across it. It has been reported that vitamin A in the plasma does not 
behave as if it were either in a colloidal state or dissolved in a fatty solute, 
but seems to be associated with some plasma protein in a “carrier complex” 
(15, 16). The excess placental lipide may then depress the transplacental 
movement of vitamin A either by blocking a mechanism for splitting the 
“carrier complex” or by decreasing the already low permeability of the 
placenta to large molecules. 

I wish to express my thanks to Miss Muriel Appel for technical assistance 
in the prosecution of this study. 


SUMMARY 

1 . Two groups of female rats were brought to approximately the same 
nutritional level with respect to vitamin A. The control group was fed a 
basal diet; the other rats were fed the same diet with either 2.5 per cent or 
5 per cent of cholesterol added. The animals were mated. Shortly before 
parturition, the maternal animals were killed and vitamin A was deter¬ 
mined in the fetuses, fetal livers, and maternal livers and plasma. 

2 . The placentae of the cholesterol-fed mothers were found to contain 
about twice as much lipide as those from control mothers. 

3. The whole fetuses and the fetal livers from the cholesterol-fed mothers 
. contained significantly less vitamin A than those from the control mothers. 
It is concluded that the fatty placentae inhibit the movement of vitamin 
A from the maternal circulation to the fetus. 
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THE UTILIZATION OF d-TYROSINE FOR GROWTH IN 

THE RAT* 

By EDWARD C. BUBL and JOSEPH S. BUTTS 

{From the Biochemical Laboratory of the Department of Chemistry , Oregon 
State College , Corvallis) 

(Received for publication, February 16, 1948) 

The conversion of phenylalanine to tyrosine in -the animal body has been 
established by the growth experiments of Womack and Rose (1) and the 
isotopic studies of Moss and Schoenheimer (2). However, the reversibility 
of this reaction probably does not occur. 

Tyrosine, usually considered as a non-essential amino acid for the growth 
of the white rat, has been shown by Womack and Rose (3) to be able to 
replace about one-half of the phenylalanine requirement of the growing 
rat. This indicates that phenylalanine may be converted to meet certain 
demands of the organism for tyrosine, since this requirement can be met 
equally well by either phenylalanine or tyrosine. 

Both enantiomorphs of the amino acid can be utilized for growth in the 
rat in the case of tryptophan (4), phenylalanine (5), methionine (6), and 
histidine (7), while the unnatural isomer fails to show growth responses in 
the case of valine, leucine, isoleucine (8), threonine (0), and lysine (10). 
Since tyrosine is non-essential in the presence of sufficient phenylalanine, 
the growth effect of D-tyrosine lias never been established. The 
observations of Womack and Rose (3) now make it possible to determine the 
availability of D-tyrosine for growth in the rat. 

Using human subjects, Albanese, Irby, and Lein (11), employing an ex¬ 
cretion technique, report that sufficient tyrosine and aliphatic organic acids 
are found in the urine, following the ingestion of 0.01 mole of DL-tyrosine, 
to account for nearly all of the d isomer in the racemic mixture. The con¬ 
clusion drawn from the data is that the d isomer is poorly or totally un¬ 
available for normal physiological functions in man. This is further sub¬ 
stantiated by the very slight excretion of tyrosine and organic acids when 
0.01 mole of L-tyrosine is fed. However, there is no direct evidence 

* The data in this paper are taken from a thesis presented by Edward C. Bubl to 
the Faculty of the Graduate School of Oregon State College in partial fulfilment of 
the degree of Doctor of Philosophy. 

Published with the approval of the Monographs Publication Committee, Oregon 
State College. Research paper No. 122, School of Science, Department of Chemistry. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for a generous 
supply of the amino acids used in this study. 
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presented which would identify the urinary tyrosine as coming from the 
d component. 

The following study was undertaken to determine the growth responses 
to n-tyrosine when fed to rats in an amino acid mixture with suboptimal 
amounts of phenylalanine. 


Table 1 

Composition of Amino Acid Mixture 


Glycine. 

Alanine. 

Serine. 

Valine. 

Leucine. 

Isoleucine. 

Cystine. 

Methionine. 

Threonine. 

Tryptophan. 

Aspartic acid. 

Glutamic “ . 

Lysine monohydrochloride... 

Proline. 

Histidine monohydrochloride 

Arginine. 

Sodium bicarbonate. 




0.1 

0.7* 

0 . 2 * 

2 . 0 * 

2.4* 

1 . 6 * 

0.2 

0 . 8 * 

1.4* 

0.4* 

0.2 

2.0 

3.0* 

0.2 

0.95 

0.60 

1.76 

18.51 


0.5 

_ 0.5* 

19.51 


* Denotes racemic acid. 


Tyrosine. 

Phenylalanine. 


EXPERIMENTAL 

Three litters of Evans-Long strain rats were used in this study. They 
were distributed as evenly as possible with respect to weights, litters, and 
sex. At 28 days of age the animals were placed in individual cages and 
were allowed water and the experimental diet ad libitum . Weights were 
recorded daily. 

Hie basal diet and the vitamin supplements were made up according to 
Borman et al. (12), with the exception that biotin was omitted. It was 
felt that the liver extract would supply this requirement or at least that 
this would not be a limiting factor in a 28 day experiment. The animals 
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were fed daily by placing a weighed amount of food in the containers. The 
food thus measured was always in excess of what mi ght , be eaten. The 
food intakes were calculated by difference after careful collection of any 
spillage. 

The amino acid mixture was prepared from crystalline amino acids, 
some of which were either synthesized or isolated in our laboratory, while 


Table II 

Experiments Showing Weight Gain with Phenylalanine and Tyrosine Added to Diet 
Each experiment covered 28 days. 


Litter No. 

Rat No. 
and sex 

Total gain in weight 

Total food 
intake 

Amino add supplements 



gm. 

gm. 


6 

34 9 

45 

182 


6 

35 9 

42 

167 


6 

36 9 

26 

170 

0.5% DL-phenylalanine 

*7 

86 

47 

188 

0.5% DL-tyrosine 

8 

87 o' • 

43 

216 


8 

88 & 

53 (42.6)* 

223 


6 

37 9 

46 

177 


6 

38 d* 

47 

199 

0.5% DL-phenylalanine 

6 

39 & 

43 

188 

0.5% L-tyrosine 

7 

85 9 

32 (42.0)* 

196 


7 

81 cF 

57 

238 


7 

82 & 

25 

202 

0.5%*DL-phenylalanine 

7 

83 9 

39 

216 

0.5% d -tyrosine 

7 

84 9 

59 (45.0)* 

232 


6 

40 cF 

1 24 

194 

0.5% DL-phenylalanine 

6 

41 <F 

36 (30.0)* 

173 

0.25% L-tyrosine 

6 

42 9 

Died after 2 wks. 


0.25% DL-alanine 


* Average for group. 


some were from commercial sources. In every case these compounds gave 
excellent analytical values, indicating a high degree of purity. 

The amino acid mixture was patterned after Borman ef al. (12), except 
that phenylalanine and tyrosine were omitted and arginine was added. 
Due to the difficulty of obtaining a satisfactory sample of hydroxyproline, 
this amino acid was omitted. Since this is probably a dispensable amino 
acid (13), it was felt that this omission was not critical. The alanina 
content was increased slightly to compensate for any lowered nitrogen con¬ 
tent. 

The DL-tyroBine was prepared by racemization of n-tyrosine, according 
to the method of du Vigneaud and Meyer (14). 
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Analyst *—C |H 11 O 3 N 

Calculated. N (Kjeldahl) 7.73, N (Van Slyke) 7.73 
Found. “ 44 7.70, 44 44 “ 7.75 

W? * 0 . 00 ° (4% tyrosine in 4% HC1) 


0.6* d Tmmn® 

tool- 

- CUE* L TYBOSIW 



30 

28 36 44 52 60 

AGE I N DAYS 

F 10 . 1 . Growth response of 28 day-old rats to a basal diet containing 0.5 per cent 
phenylalanine supplemented with i>l- or oi. tyrosine. 

The DL-tyrosine was resolved with brucine, as reported by Sealock (15). 
The d isomer gave the following analytical values: 

Analysis —C #H i iO »N 

Calculated. N (Kjeldahl) 7.73, N (Van Slyke) 7.73, C 59.66, H 6.12 
Found. “ 44 7.75, 44 " 44 7.77, 44 59.62, 44 6.16 

[«]? *= 4*9.5° (4% tyrosine in 1.0 n HCl) 

DISCUSSION 

The demonstration by Womack and Rose (3) that L-tyrosine stimulates 
growth when phenylalanine is furnished in suboptimal amounts makes 
available a method for testing the nutritional availability of the unnatural 
isomer of tyrosine. These workers have shown that 0.4 per cent dl- 
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phenylalanine, when added to the purified amino acid mixture, did not 
allow the animals to grow at a good rate; however, upon the inclusion of 
increasing levels of L-tyrosine the growth was improved. The addition 
of 0.5 per cent L-tyrosine seemed to give the best growth. 

In Table II the weight gain of rats receiving 0.5 per cent of phenylalanine 
and an additional 0.5 per cent of either d-, l-, or DL-tyrosine is shown. It 
will be seen that feeding the l isomer confirms very beautifully the report 
of Womack and Rose (3). Also, there is no significant difference in weight 
gain when like amounts of d- or DL-tyrosine are substituted. In a second 
series of experiments in which the L-tyrosine was lowered to 0.25 per cent, 
the growth of two rats was markedly inferior, while the third died at the 
end of 2 weeks. It might be pointed out that at this level the L-tyrosine 
in the mixture would be the same as in the diet containing 0.5 per cent 
DL-tyrosine. If the d isomer had no retarding effect and were not available 
for growth, the response in each of these experiments should be equal. 
This is not so, since the growth was superior on the DL-tyrosine diet, thus 
giving a strong support to the idea that the d isomer is nutritionally avail¬ 
able. This, of course, is also indicated by the experiments when D-tyro- 
sine, devoid of any of the l component, is fed. 

Fig. I shows the effect of withdrawing the 0.5 per cent tyrosine, but 
allowing 0.5 per cent phenylalanine to remain in the diet. One rat from 
each group was continued for the 6 day period. In all three experiments 
the response was the same; namely, the loss of 10 to 13 gm. during a 6 
day peritxl. 

We wish to express our appreciation to Mr. S. C. Fang for some of the 
combustion analyses reported in this paper. 

SUMMARY 

1. When suboptimal amounts of phenylalanine are incorporated in an 
amino acid mixture otherwise adequate for the white rat,, the additional 
requirement is met equally well with D-, L-, or DL-tyrosine. 

2. If one may conclude from the indirect evidence (II) that the human 
is unable to utilize D-tyrosine, then there must exist a species difference in 
the use of this enantiomorph. 
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THE OXIDATIVE DEMETHYLATION OF MONOMETHYL-l- 

AMINO ACIDS 

Bt KUO-HUANG LING and TA-CHENG TUNG* 

(j From the Department of Biochemistry, College of Medicine , National Taiwan 
University , Taipei , Formosa , China) 

(Received for publication, March 9, 1948) 

Handler, Bernheim, and Klein (1) have shown that the oxidation of the 
N-methyl derivatives of DL-methionine, DL-leucine, DL-alanine, and dl- 
histidine by rat liver and kidney preparations is due to the presence of 
D-amino acid oxidase, and that the N-methyl derivatives of DL-phenyl- 
alanine, DL-tryptophan, and DL-valine are not oxidized by these prepa¬ 
rations. 

Blanchard, Green, Nocito, and Ratner (2) have found that L-amino acid 
oxidase obtained from rat kidney and liver catalyze the oxidation of the 
N-methyl amino acids, viz. those of L-leucine, methionine, homocysteine, 
and S-benzylhomocysteine, to their corresponding keto acids and methyl- 
amine. 

Ratner, Nocito, and Green (3) have reported that glycine oxidase, which 
has been found in the liver or kidney of animals, catalyzes the aerobic oxi¬ 
dation of sarcosine to glyoxylic acid and methylamine. 

Although these oxidations of N-monomethylamino acids are all oxi¬ 
dative demethylaminations, Handler, Bernheim, and Klein (4) have pre¬ 
sented further evidence of the direct demethylation of sarcosine. Sarco¬ 
sine oxidase which was found in rat, rabbit, and guinea pig livers oxidatively 
demethylates sarcosine to glycine and formaldehyde. 

During the course of our investigations of the metabolism of N-methyl 
derivatives of amino acids, it has been demonstrated that the broken cell 
preparations of the kidney and liver of the rabbit, guinea pig, pigeon, and 
hen oxidize the N-methyl-L-tryptophan, obtained from Abtus precatorius, 
to L-tryptophan and formaldehyde by the direct demethylation which was 
due to the presence of demethylase (5). Furthermore it has been shown 
that demethylase is a flavoprotein (6) which can be resolved into a 
protein and adenine-flavin-dinucleotide. Recently, in the course of our 
studies on the specificity of demethylase, it was evident that demethylase 
can also demethylate other N-monomethyl-L-amino acids, which have 
been tested, to their corresponding amino acids and formaldehyde and can¬ 
not oxidize N-monomethyl-D-amino acids and N-dimethylamino acids. 

Some of the results are given in Table I. 

* The former name was Tai-sei To or Tatuo Yosida. 
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Both sarcosine oxidase and demethylase are completely analogous in 
their action on a-methylamino acids, but they are unquestionably differ¬ 
ent enzymes. 


Table I 

Specificity of Demethylase* 


Substrate 


N-Methyl-L-tryptophan ... 

N-Methyl-D-tryptophan... 

D-Trypt.ophan. 

0, N-Dimethyl-DL-tyrosine. 

O, N-Dimethyl-D-tyrosine. 

N-Methyl-DL-tyrosine . 

L-Tyrosine. 

N-Mcthylvanillyl-DL-ttlanine. 

N-Methyldihydroxyphenyl-DL-alanine 

N-Methyl-nL-phenyl alanine. 

N-Methyl-n-phenyl alanine. 

OL-Phenylalanine. . .. . 

Na-Methyl-i>L-histidine . 

L-IIistidine . . 

N -Methyl - L-leuci ne. 

L-Leucine. . 

N-Methyl-DL-alanine . 

Sarcosine. . 

N -Dimethyl - p-metho xy -DL-pheny 1 al anine 
N-Dimethyl- pl- when vl alanine. 



Oxygenf 

absorbed 

I Formaldehyde 
1 formed 

c.mm. 

1 w«. 

81 

1 0.187 

0 

j 0 

0 

0 

65 

0.162 

0 

0 

58 

0.124 

X) 

0 

48 

0.110 

53 

! 0.121 

52 ! 

0.123 

0 i 

0 

o 

0 

60 j 

0.139 

0 

0 

24 

0.058 

0 

0 

12 

0.025 

o 

0 

0 j 

0 

0 

0 


* The enzyme was prepared as follows. The rabbit kidney was desiccated with 
acetone. 2 gm. of the kidney powder were suspended in 40 cc. of 0.9 per cent NaCl 
and the mixture was filtered. The filtrate was treated with 0.8 cc. of 10 per cent 
basic lead acetate. The supernatant fluid was then precipitated twice with the same 
volume of saturated ammonium sulfate of pH 6.8. The precipitate was resuspended 
in 10 cc. of 0.9 per cent NaCl and the supernatant fluid was used as the enzyme. 

t Oxygen uptakes were measured manometrically in the Warburg apparatus. 
The manometer cup contained 0.5 cc. of enzyme, 1 cc. of 0.02 m N-methylamino 
acid, and 2 cc. of m/15 phosphate buffer of pH 7.1 (38°, 60 minutes). 

t Formaldehyde was estimated eolorimetrically by a modification of the phenyl - 
hydrazine-ferric chloride test. 


SUMMARY 

Production of formaldehyde by oxidative demethylation of N-mono- 
methyl-Lramino acids by demethylase appears to be a general reaction. 
N-Dimethyl-L-amino acids and N-methylated D-amino acids yield no 
formaldehyde under the influence of demethylase. 






























K.-H. LINO AND T.-O. TUNG 


645 


BIBLIOGRAPHY 

1. Handler, P., Bemheim, F., and Klein, J. R., J. Biol. Chem ., 188,203 (1041). 

2. Blanchard, M., Green, D. E., Nocito, V., and Ratner, S., J. Biol. Chem., 188,421 

(1944). 

3. Ratner, S., Nocito, V., and Green, D. E., J. Biol. Chem. t 162,119 (1944). 

4. Handler, P., Bernheim, M. L. C., and Klein, J. R., J. Biol . Chem., 188,211 (1941). 

5. Yoaida, T., and Fukuyama, S., J. Biockem., Japan, 34, 429 (1941); Japan, 86, 349 

(1944). 

6 . Yoaida, T., J. Biochem., Japan, 86, 355 (1944). 




ISOLATION OF THE UNIDENTIFIED GROWTH FACTOR 
(VITAMIN Bn) IN DISTILLERS’ DRIED SOLUBLES* 

By A. F. NOVAKf and 8 . M. HAUGE 

{From the Department of Agricultural Chemittry, Purdue University Agricultural 
Experiment Station, Lafayette) 

(Received for publication, March 20,1948) 

« 

Recent investigations have shown that distillers 1 dried solubles contain 
a factor or factors which are necessary for the growth of chicks (1) and 
rats (2). This factor is distinct from vitamin A, vitamin D, thiamine, 
riboflavin, inositol, nicotinic acid, pantothenic acid, p-aminobenzoic acid, 
choline, pyridoxine, biotin, folic acid, or 2-methylnaphthoquinone. 

A procedure has been developed for the isolation of this unidentified 
growth factor in a highly concentrated condition. This method is based 
upon physical and chemical characteristics of the active principles which 
were discovered during the fractionation studies (2). 

EXPERIMENTAL 

A method was developed for the isolation of the unidentified growth 
factor in distillers , dried solubles, wliich involved the following essential 
procedures: extraction of distillers 5 dried solubles with acidified water, re¬ 
moval of proteins, differential chromatographic adsorption of impurities, 
precipitation, and the separation of the active principle with an immiscible 
solvent. The activity of the various fractions was determined by the rat 
growth method previously described (2). 

Distillers’ dried solubles were extracted with 3 liters of 0.1 n HC1 per 
kilo of solubles by autoclaving for 30 minutes at 120°. This preparation 
was cooled, adjusted to pH 6.5, and filtered. The residue was reextracted 
twice, after which it was washed with distilled water by stirring and again 
filtered. The combined filtrates were concentrated under reduced pressure 
to the equivalent of approximately 200 ml. per kilo of original material and 
adjusted to pH 3.5. 

To precipitate protein and other inert material, this concentrate was 
poured into 3 volumes of ethanol, stirred for several minutes, allowed to 
stand overnight, and filtered. Under these conditions, factor S (3) should 

* Journal Paper No. 343 of the Purdue University Agricultural Experiment Sta¬ 
tion. This investigation was supported in part by a grant from Joseph E. Seagram 
and Sons, Inc., Louisville, Kentucky. 

t Present address, Department of Chemistry, University of Florida, Gainsville, 
Florida. 
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have been removed. The filtrate was adjusted to pH 7, stirred, allowed 
to stand overnight, and again filtered. This procedure is reported to re¬ 
move factor R (3). 

The filtrate was slightly acidified with hydrochloric acid, concentrated 
under reduced pressure to about 150 ml. per kilo of original material, and 
adjusted to pH 6.5. This solution was filtered through a column (4 cm. X 
10 cm.) of fullers’ earth 1 diluted with Celite (1:1) which removed some im¬ 
purities without adsorbing the active principle (2). 

The filtrate was concentrated under diminished pressure to about 100 
ml. per kilo of the original solubles. After adjusting the solution to a 
hydrochloric acid content of 3.5 per cent, sufficient solution of phospho- 
tungstic acid (30 gin. per 100 ml. of 3.5 per cent HC1) was added for com¬ 
plete precipitation. The contents of the flask were heated to dissolve 
most of the precipitate, cooled, and placed in the refrigerator for 48 hours. 
The cold solution was filtered through a cold Buchner funnel with a hard¬ 
ened filter paper (Whatman No. 50). The precipitate was washed several 
times with a cold solution containing 2.5 per cent phosphotungstic acid, 
and 3.5 per cent hydrochloric acid. The filtrate was found to be biolog¬ 
ically inactive, and was discarded. 

The precipitate was dissolved in a slightly alkaline solution of sodium 
hydroxide, and the phosphotungstic acid precipitated with barium chloride. 
The barium phosphotungstate was removed by filtration, and washed with 
hot water. 

After concentration, the aqueous solution was extracted repeatedly with 
chloroform in a separatory funnel. The combined chloroform extracts 
were concentrated to dryness under reduced pressure. A yellow-orange 
non-crystalline residin' remained. This material was found to be readily 
soluble in water, acetone, ethanol, ethyl ether, chloroform, and benzene. 
When this material was dissolved in water at a concentration of 100 y per 
ml., it appeared practically colorless and showed fluorescence under an 
ultraviolet lamp. 

To determine its biological activity, this material was added to the basal 
ration at approximately 250 y per 100 gm. of ration and tested with rats 
as previously described. A good growth response was obtained (Table I). 

Since the aqueous .solution was almost colorless, its spectral absorption 
characteristics were studied. A Beckman spectrophotometer, equipped 
with a hydrogen arc and quartz cells, was used at wave-lengths between 
2400 and 4000 A. To determine whether the absorption curve bore any 
relation to the active component from distillers’ solubles, concentrates were 
prepared from other active materials and their spectral characteristics were 
compared (Fig. 1). Concentrates prepared from rice polishings concentrate 

1 City Chemical Corporation, New York. 
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Table I 

Biological Tests for Presence of Growth Factor 
Concentrates added to basal ration* I Averm * c rat * 


j f#». 

None. 17.2 

Distillers’solubles (Seagram). 29.8 

Liver extract (Lilly). 27.8 

Rice polishings (Labco).v.I 28.0 


* In amounts equivalent to approximately 10 percent of the original material, 
f Least significant difference, 5 per cent level 2.5 gm., 1 per cent level 3.4 gm. 



Fig. 1 . A comparison of the absorption spectra of the isolated concentrates from 
distillers’ dried solubles, rice polishings concentrate (Labco), and liver extract 
(Lilly). 

(Labco) and liver extract (Lilly) were diluted so that at the maximum of 
2820 A they gave densities slightly less than that obtained with the prepa¬ 
ration from the distillers’ solubles. The biological activities of these eon- 
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centrates (Table I) established a parallelism between the characteristic 
curves and activity. 

After it was found that maximum growth response was produced with 
250 y of the isolated material from solubles per 100 gm. of the ration, a 
biological assay was performed to determine the minimum quantity nec¬ 
essary for a definite growth response and the amount required for a maxi¬ 
mum biological response. 

The biological assay was performed with 50 rats, equally divided accord¬ 
ing to sex. Instead of incorporating the factor into the ration, it was fed 



DAILY SUPPLEMENT IN MICROGRAMS 

Fig. 2. The growth response of rats fed the basal ration and daily supplements 
of the unidentified factor. 

as a daily supplement. In a preliminary assay, it was found that levels of 
10, 20, 30, and 40 y per day were equally effective in stimulating growth. 
This indicated that the effective dose was below 10 y per day. Therefore 
levels of 0, 2 ; 4, 6 , and 10 7 per day were fed. Ten rats were fed at each 
level. The growth response curve is given in Fig. 2 . The maximum bio¬ 
logical effect was obtained with 10 7 of the factor per day. Definite growth 
stimulation was obtained with 2 7 per day. 

Since the characteristic absorption spectra of the concentrates from the 
three different sources were practically identical, exhibiting a maximum 
at 2820 A, and inasmuch as they were biologically active, it is apparent 
that the isolation of the unidentified growth factor in a high state of purity 
has been accomplished. 

DISCUSSION 

Although previous experiments (1, 2) gave strong evidence for the exist¬ 
ence of an unidentified growth factor in distillers’ dried solubles which was 
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distinct from the known vitamins and postulated factors, these experiments 
offer proof that the observed growth responses were due to a definite sub¬ 
stance which has been isolated in a state of relatively high purity. This 
is substantiated by its characteristic absorption Bpectrum and by its high 
biological activity. Since the potency of this product is comparable to 
that of a number of vitamins, it appears logical to class this factor with 
the other vitamins of the B complex. It is tentatively called vitamin B u . 

A number of properties are now known. It is stable to heat, acid, and 
alkali. It is soluble in water, acetone, chloroform, ethanol, ethyl ether, 
and benzene. It is precipitated by phosphotungstic acid and lead acetate. 
It is not adsorbed on fullers’ earth or Darco but is adsorbed from acid solu¬ 
tion on Florisil, Lloyd’s reagent, norit, and Decalso. Its absorption spec¬ 
trum exhibits a maximum at 2820 A. 

The solubility of this factor in chloroform as well as ether adds further 
evidence that it is not the cow manure factor (4). It is possible that it 
may be similar to one of the fractions obtained from liver extract by Barton- 
Wright el al. (5). They obtained a fraction by the extraction of an aqueous 
solution with chloroform, which stimulated growth of Lactobacillus helveti- 
cus and Streptococcus lactis. No tests were reported with animals. 

SUMHABT 

A new growth factor for rats, tentatively called vitamin B u , has been 
obtained from distillers’ dried solubles, rice polishings concentrate, and 
liver extract in a non-crystalline but highly purified state. 2 y of this 
substance give definite growth stimulation and 10 y per day give the maxi¬ 
mum effect. 

Spectral absorption curves showing a maximum at 2820 A were obtained 
with concentrates of high potency from each of the three materials, dis¬ 
tillers’ dried solubles (Seagram), rice polishings concentrate (Labco), and 
liver extract (Lilly). 

The procedure for isolation involves extraction with 0.1 n hydrochloric 
acid, precipitation of protein and other inert material with ethanol, chroma¬ 
tographic adsorption of impurities on fullers’ earth, precipitation of the 
active factor with phosphotungstic acid, and separation by chloroform ex¬ 
traction. 
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THE COMBINATION OF ORGANIC ANIONS WITH SERUM 

ALBUMIN 

VI. QUANTITATIVE STUDIES BY EQUILIBRIUM DIALYSIS 

By J. D. TERESI and J. MURRAY LUCK 

(From the Biochemical Laboratory , Department of Chemistry , Stanford University t 

California) 

(Received for publication, February 2,1948) 

Electrophoretic studies have shown that a combination occurs between 
serum albumin and lower fatty acids (1), synthetic detergents (2-4), and 
certain buffer anions (5-10). In addition, serum albumin has been shown 
to combine with phenol red (11, 12), sulfonamides (13, 14), penicillin 
(15), and calcium ion (16). Quantitative studies on the serum albumin 
combination with lower fatty acids have been attempted earlier in this 
laboratory by ultrafiltration (17). 

The combination of methyl orange and an azo dye with serum albumin 
has been investigated by the dialysis-equilibrium technique by Klotz et 
al. (18). 

The results of further dialysis-equilibrium studies on the nature and 
extent of the combination of serum albumin with some aromatic carboxyl - 
ates and nitrophenolates are reported in the present, paper. 

EXPERIMENTAL 

Protein Solutions —Crystalline bovine serum albumin was used in all 
cases with one exception: an amorphous albumin was used in the experi¬ 
ments with the phenyl butyrate anion. These albumin preparations were 
obtained from the Armour Laboratories through the courtesy of Dr. J. D. 
Porsche. 

The stock protein solutions were prepared by either of the two follow¬ 
ing methods: (a) a quantity of albumin was dissolved in water with the 
aid of a vacuum, as described by Duggan and Luck (19), to give approxi¬ 
mately a 20 per cent solution by weight; ( b) a sufficient quantity of albumin 
was dissolved in water to give approximately a 2 per cent solution by weight. 

The exact concentration was obtained by a dry weight determination 
on a sample of the solution dried at 110° for 24 hours. 

Solutions of buffered protein of desired concentration (usually about 
0.2 per cent) were prepared by diluting portions of the concentrated stock 
solution with phosphate buffer. The ionic strength of the buffer was 0.2 
at pH 7.6 and 0.22 at pH 8.2. 

The sodium salts of the compounds reported in this paper were prepared 
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from the corresponding acids by neutralisation with sodium hydroxide. 
Solutions of these salts, 0.3 or 0.5 m, were diluted with phosphate buffer to 
concentrations ranging from 5 X 10~* m to 100 X 10 -s M. 

Dialysis —Commercial sausage casing was used in the preparation of 
cellophane bags for dialysis. In some cases, the bags were boiled three 
times for § hour and rinsed with distilled water after each boiling period. 

Table I 


Dialysis Equilibrium between Bovine Serum Albumin and Phenyl Butyrate Anion 


Tube No. 

Molarity of 
anion outside 
of bag 

Bound A" 

Moles bound A" 
Moles Pr* 

*» r 

l 

r 

l 

Free A- 

l 

A- 


X 10* 

moles X 10* 



moles X 10 1 

x i<r* 

1 

14.5 

25.5 

1.76 

0.57 

21.75 

0.46 

laf 

16.2 






2 

17.0 

30 

2.07 

0.483 

25.5 

0.392 

2 a 

19.0 






3 

27.8 

54 

3.72 

. 0.269 

41.7 

0.24 

8 a 

31.4 






4 

34.3 

55.5 

3.82 

0.262 

51.4 

0.194 

4a 

38.0 






5 

41.2 

66 

4.55 

0.22 

61.8 

0.162 

5a 

45.6 






6 

48 

75 

5.17 

0.194 

72 

0.139 

6 a 

53 






7 

70 

90 

6.20 

0.161 

105 

0.095 

7a 

76 







Volume of anion placed outside of bag, 10 ml.; volume of albumin placed inside 
of bag, 6 ml. 

* The number of moles of protein was calculated on the assumption that the mo¬ 
lecular weight of serum albumin is 70,000. S ml. are equivalent to 1.45 X 10~* mole. 

fThe control series, designated "a,” contained 5 ml. of buffer only inside of the 
bag. 

This procedure was found necessary when the spectrophotometric analysis 
of the anion involved the ultraviolet region. 

Cellophane bags containing 5 ml. of 0.2 per cent buffered protein solu¬ 
tion were immersed in 10 ml. of each anion solution contained in a suitable 
bottle. Controls containing buffer only inside the bag were prepared in 
the same manner for each concentration of anion. The bottles were placed 
in a cold room at 1° for 3 days (an interval sufficient to insure equilibrium). 
The bags were then removed and the external solutions were analyzed 
spectrophotometrically for the anion. The results of a typical dialysis 
experiment are shown in Table I. 
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RESULTS AND DISCUSSION 

The treatment of the data obtained was similar to that applied to methyl 
orange and an azo dye by Klotz et al. (18). 




Fio. 1 . Fig. 2 

Fig. 1. The binding of sodium phenoxyaeetate (Curve I), sodium phenyl acetate 
(Curve II), sodium phenyl butyrate (Curve III), and sodium cinnamate (Curve IV) 
with bovine serum albumin at pH 7.6 and ionic strength 0.2. 

Fig. 2. Bovine serum albumin-sodium hippurate at pH 7.6 and ionic strength 0.2. 

The successive protein-anion equilibria may be represented by a series 
of equations shown below. 


PA + A?=iPAi 


(P)(A) 


(PA,) 

(PAHA) 


h 


PA ; _i + A^PA, 


(PA<) 

(PA,.,) (A) 


ki 


PA_ +A^PA. 

P represents a molecule of free protein and A a molecule of organic anion; 
n represents the maximum possible number of bound anions per protein 
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molecule. The classical equilibrium constants are given by the relations 
shown on the right (above). 

It may also be shown that the ratio r, moles of bound anion to the total 
moles of protein, is given by the equation 

*i(A) + 2fcih(A )» + nW, • • • /%)(A)" . 

l k\(A) 4* k j ko(A) 2 • • • 4~ (^i A*2* • • (A)'* 




5 

I/A' x i 

Fig. 3 

Fig. 3. Bovine serum albumin-sodium o-nitrophenolate at pH 7.6 and ionic 
strength 0.2. The broken line represents the average of the experimental curves. 

Fig. 4. Bovine serum albumin-sodium o-nitrophenolatc at pH 8.2 and ionic 
strength 0.22. The average curve is shown by the dotted line. 



Fig. 4 


This involved expression may be simplified in cases of negligible electro¬ 
static repulsion between bound and free anion. For this situation 


n — (i — 1 ) 1 

i K 


( 2 ) 


kl ~ K (3) 

K is a constant which depends on the nature of the anion as well as on the 
character of the protein, and hence must be determined experimentally. 
It can be shown that when statistical effects are predominant and the 
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equilibrium constants are given by equation (2) the relation for r in equa¬ 
tion (1) may be reduced to a linear form. 


K l i 
r n (A) n 


(4) 


Thus, if a straight line results when 1/r is plotted against 1/(A“), statis¬ 
tical factors predominate. All cases reported in this paper followed this 




Fki. 5. Bovine serum albumin-sodium p-nitrophenolate (Curve I) and bovine 
serum ablumin-sodium w-nilrophenolate (Curve II) at pH 7.6 and ionic strength 0,2. 

Fig. 6. Bovine serum albumin-sodium p-nitrophenolate (Curve I) and bovine 
serum albumin-sodium w-nitrophenolate (Curve II) at pH 8.2 and ionic strength 0.22. 


straight line relation, as is shown in Figs, 1 to 8. The curves are drawn to 
give emphasis to the points of greatest accuracy (high anion concentration 
or low 1/(A~) values). 

The intercept when 1/(A“) is zero gives the value for n. The values 
fci, K, and AFi were calculated from the foregoing equations for the anions 
shown in Table II. The results indicate that the length as well as the type 
of side chain affects the extent and the strength of the binding. An in¬ 
crease in the number of carbon atoms in the chain gave an increase in 
AFi. An increase in the chain length by addition of an oxygen atom or a 
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peptide group caused an increase in the AFi value but caused a decrease in 
the extent of binding as shown by the values for n. 

It is interesting to note that results obtained in the study of stabilization 
against urea denaturation of albumin showed that phenyl butyrate and 
cmnamate were good stabilizers and that the others listed in Table II 
were comparatively poor (19). The introduction of polar groups in the 
side chain of the aromatic carboxylates decreased the stabilizing effect of 
the compound. This is in accord with the decreased value for n obtained 
in the dialysis-equilibrium studies. The increase in. the energy of the 
binding of cinnamate, phenyl butyTate, phenoxyacetate, and hippurate 



Fig. 7. Bovine serum albumin-sodium 2,4-dinitrophenolate at pH 8.2 and ionic 
strength 0.22 (Curve I). Curve II represents the same system at pH 7.6 and ionic 
strength 0.2. 

Fig. 8 . Bovine serum albumin-sodium picrate at pH 8.2 and ionic strength 0.22 
(Curve I). Curve II represents the same system at pH 7.6 and ionic strength 0.2. 

over the binding energy of phenyl acetate cannot be explained simply by 
the contribution due to van der Waals’ forces. 

In recent papers (20-22), the ability to stabilize albumin was attributed 
to the presence of a non-polar radical in the molecule. It was later found 
that picrate, trichloroacetate, and dichlorophenolate are good stabilizers 
against urea denaturation (19). These findings aroused interest in the 
application of dialysis-equilibrium measurements to some nitrophenols, 
including picrate. 

The values for the various constants, calculated as above, are presented 
in Table III. Compounds containing a nitro group in the ortho position 
exhibit a value for n of 6 as compared to 22 to 25 for the other compounds. 
The low value for the ortho-substituted compounds cannot be explained 
without knowledge of the protein groups involved in the binding and the 
arrangement of these active groups in the molecule. 



J. D. TEKE8I AND J. M. DUCK 


6GB 


The energy of the binding of the first picrate and of the first 2,4-dinitro- 
phenolate anion is 8900 calories per mole at pH 7.6. The energy at pH 
7.6 for the mononitro compounds ranges from 7150 to 7850 calories per 
mole. The energy increases with increase in pH in the cases of m-nitro- 
and p-nitrophenolate, but it decreases with increase in pH in compounds 
which are almost completely in the anion form. 

Since, as previous evidence indicates, organic anions are bound to the 


.. Table II 

Binding of Some Aromatic Carboxylatee with Bovine Serum Albumin 


Anion 

n 

K 

*» 

-AFi 



X10* 

molt X I0~* 

colotits for molt 

Phenyl butyrate. 

24 

2.64 

8.92 


Cinnamate. 

25 

1.6 

15.7 


Hippurate. 

9 

1.51 

5.66 

7220 

Phenyl acetate. 

25 

23.0 

1.09 


Phenoxyacetate. 

7 

1.35 

5.18 

7150 


Table III 

Binding of Nitrophenolatee with Bovine Serum Albumin 


Anion 

pH 

» 

K 

Ai 

-AFi 

A" form 




X1P 

X I0r* 

calorits 
per molt 

for coni 

tfitrophenolate 

7.6 

6 

0.338 

1.82 

7850 

75 


8.2 

6 

0.407 

1.51 

7740 

91 

Nitrophenolate 

7.6 

24 

4.05 

0.603 

7250 

16 


8.2 

22 

1.11 

2.0 

7900 

43 

Nitrophenolate 

7.6 

25 

5.12 

0.49 

7150 

72.5 


8.2 

25 

1.69 

1.48 

7750 

91 

l-Dinitrophenolate 

7.6 

6 

0.047 

12.5 

8900 

100 


8.2 

6 

0.068 

8.0 

8650 

100 

srate 

7.6 

6 

0.048 

12.6 

8900 

100 


8.2 

6 

0.052 

11.6 

8850 

100 


positive groups of the protein, and since an increase in pH increases the 
negative charge on the protein, a repulsion between protein and anion 
would result when van der Waals’ forces do not predominate. 

In conclusion, the results indicate that in the case of the aromatic car¬ 
boxylic acids an increase of the length of the side chain by the addition of 
carbon atoms increases the energy of the binding. An increase in chain 
length by the addition of an oxygen or a peptide group increases the energy 
but decreases the extent of the binding. In the case of the nitrophenolates, 
a nitro group in the ortho position decreases the extent of the binding as 
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compared to a nitro group in the para and meta positions. Addition of a 
nitro group to o-nitrophenolate increased the affinity of the anion. A 
second additional nitro group to the o-nitrophenolate had no effect at 
pH 7.6 but increased the strength of the bond at pH 8.2. Finally, an in¬ 
crease of pH decreases the energy of the binding when 100 per cent of the 
compound is in the anion form and this decrease is due to the repulsion 
caused by an increase in the negative charge on the protein. 

SUMMARY 

The law of mass action has been applied to dialysis-equilibrium data 
obtained from the systems, bovine serum albumin-aromatic carboxylic 
acids and bovine serum albumin-nitrophenolateB. In all the cases studied, 
it was found that statistical factors predominate; i.e., electrostatic repul¬ 
sion between bound and free anions was negligible. 

The maximum number of molecules of each anion studied that can com¬ 
bine with 1 molecule of bovine serum albumin has been determined. The 
energy of the binding of the first anion was determined for each compound. 
The value for the constant of equilibrium between the first anion and the 
protein was also calculated. 

The effect of the type and length of side chain in the aromatic carboxyl- 
ates on the extent and energy of binding to the albumin has been discussed. 

A discussion of the effect of the position of the nitro group in nitro 
phenolates on the extent and energy of binding is reported. 

We are indebted to the Armour Laboratories for the albumin prepara¬ 
tions and to Dr. Frank W. Allen of the University of California for the 
p- and ra-nitrophenolates and for the 2,4-dinitrophenolate used in these 
studies. 

A grant-in-aid from the Rockefeller Foundation is gratefully acknowl¬ 
edged. 
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THE STATE AND DISTRIBUTION OF STEROID HORMONES 
IN BIOLOGIC SYSTEMS 


III. SOLUBILITIES OF TESTOSTERONE, PROGESTERONE, AND 
a-ESTRADIOL IN AQUEOUS SALT AND PROTEIN 
SOLUTION AND IN SERUM* 

By FRITZ BISCHOFF and HARRY R. PILHORN 

(From the Chemical Laboratory , Santa Barbara Cottage Hospital Research Institute , 

Santa Barbara) 

(Received for publication, January 27, 1948) 

Except for such complications as change in activity coefficient, change 
in state of aggregation, selective membrane permeability, or chemical re¬ 
action, the property primarily governing the distribution of a substance 
in a polyphase system, such as occurs in the living organism, is solubility. 
Jn spite of the recent extensive progress in the organic chemistry of the 
steroids, meager information is available regarding the physical properties 
of these compounds. The present report is concerned with the solubilities 
of testosterone, progesterone, and a-estradiol in aqueous solutions of vary¬ 
ing ionic strength, in aqueous protein solutions, and in serum. This in¬ 
formation is required as a basis for speculation as to and investigation of 
the physiochemical status and fate of these substances in the organism. 

EXPERIMENTAL 

Equilibration —Crystalline Schering testosterone (m.p. 153.7-164.2°, 
corrected) and progesterone (m.p. 127.5-128.5°, corrected), which suffered 
no loss in weight on desiccation over P 2 O 5 , were used in all experiments. 
The 7 -globulin was prepared in the laboratories of Armour and Company 
and was electrophoretically homogeneous at pH 7.0. The albumin was the 
crystalline bovine Armour product. Saturation was approached from both 
undersaturation and supersaturation at two temperature ranges, viz., 25.0° 
and 37.5°. Equilibration at 37.5° was performed during the day in a ther¬ 
mostatically controlled cabinet equipped with a mechanical shaker and at 
night in a water bath. Equilibration at 25.0° was performed in a water 
bath; agitation of the solvent depended upon the rotation of the suspended 
container with the currents set up by the stirrer. In the progesterone 
experiments, a thermostatically controlled cabinet with mechanical shaker 
was also used at 25.0°. Filtration was performed in thermostatically 

* This investigation was aided by a grant from the Donner Foundation, Inc., Can¬ 
cer Research Division. 

For the first two papers of this series see (10,11). 
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controlled cabinets. Effect of concentration of solute, which is a criterion 
for purity of the solute, was studied over a 4-fold range. Effect of change 
of solvent, which is likewise a criterion of purity, was studied for three or 
four changes. The solvents studied were water, 1.0, 1.97, or 3.89 per cent 
aqueous NaCl, 0.1 per cent aqueous NaHCO*, 1.97 or 3.87 per cent aqueous 
Na2S0 4 , 1 or 3 per cent crystalline bovine albumin solution at n = 0.155, 
1 or 3 per cent bovine y-globulin at /x = 0.155, and rabbit serum. The 
influence of pH over the range 5.0 to 8.5 was studied in certain instances. 
The details are given in the respective tables. 

In working with protein solutions aseptic technique was used. Non¬ 
protein nitrogen determinations were performed upon protein-free filtrates 
as a gage of possible bacterial contamination and action. 

Method of Determination —The color reaction of Zimmermann (1), de¬ 
pending upon the reaction of certain ketones with w-dinitrobenzene in 
alkaline alcohol solution, has been utilized by Holtorff and Koch (2) for 
the determination of 17-ketosteroids and related compounds and was 
adapted for the determination of testosterone and progesterone in the 
present studies. By means of the Lumetron colorimeter with voltage stabi¬ 
lizer for photocolorimetry, the yellow-green filter (wave-length 530 mg) 
gave values for testosterone and progesterone in conformity with Beer's 
law over the concentration range of 0.05 to 0.2 mg. The error of the instru¬ 
ment in the maximum range of sensitivity was about 1 per cent. 

The concentration of testosterone from water or aqueous salt solution 
in amounts required for the colorimetric determination was performed by 
evaporation of the aqueous or salt solution at 99°; the residue was extracted 
with ethanol to separate salts and the filtrate subjected to evaporation at 
the same temperature. In the case of progesterone this procedure was not 
feasible, as a variable recovery ranging from 60 to 93 per cent (seven experi¬ 
ments) was encountered on evaporation from NaCl solution at 99°, and 
therefore the aqueous phase was concentrated at room temperature, in 
vacuo , over calcium chloride. 

It was planhed to study the effect of the HPO^ ion on the salting-out 
phenomenon, but this study had to be abandoned because of the analytical 
difficulties encountered in the determination of testosterone in the presence 
of phosphate; the phosphate cannot be dehydrated at temperatures at 
which testosterone is stable, and too large a quantity enters into the alco¬ 
holic extract. 

The justification of the analytical procedures used is based upon the 
following experimental data. The recovery of 0.2 mg. of testosterone 
subjected to evaporation of 5 or 10 ce. of water or absolute ethanol in a bath 
at 99° was 98 to 102 per cent (twelve determinations) when compared with 
a 0.2 mg. standard added to the residue obtained by evaporating water or 
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alcohol. The recovery after subjecting the testosterone to evaporation, 
from 3.9 per cent NaCl solutions with subsequent alcohol extraction and 
evaporation was 96 db 1 per cent in nine of twelve experiments compared 
with standards added after the aqueous evaporation, alcohol extraction, 
and alcohol evaporation had been performed to serve as a blank. Similar 
values were obtained from 4 per cent sodium sulfate solution. The re¬ 
covery of progesterone, when evaporation of the aqueous phase was per¬ 
formed in vacuo , was 97 =t 0.6 per cent (eight determinations). The 
recovery from 4 per cent Na 2 S 04 solution was 99 per cent (two determi¬ 
nations). A stock standard in absolute ethanol containing 2 mg. of 
progesterone per ce. lost no activity in 8 months when compared with a 
fresh standard. The possibility of loss of dissolved solute by adsorption 
on filter paper was eliminated by comparison of filtration and centrifu¬ 
gation at 25°. 

Reagents —Redistillation of commercial absolute and 95 per cent ethanols 
reduced the blank appreciably. The water was distilled with a Bamsted 
still and then double distilled from glass. A solution of Eastman m-dinitro- 
benzene, 2 per cent by volume in 95 per cent ethanol, recrystallized by the 
method of Callow (3), was used. 5 =b 0.04 n aqueous KOH was prepared 
from a saturated solution of Baker’s c.p. KOH, decanted from the carbonate 
precipitate. Both Munktell No. 00 and Whatman No. 2 filter papers, which 
were used for filtration, gave a measurable blank (one-tenth to one-fifth 
of the total blank). The Munktell blank was due to a water-soluble sub¬ 
stance; the Whatman blank to an alcohol-soluble material. 

Procedure for Testosterone for Aqueous or Aqueous Salt Solution —10.0 cc. 
aliquots obtained by filtration through filter paper in a cabinet maintained 
at the equilibration temperature plus 1.0 cc. of absolute ethanol are evapo¬ 
rated to dryness at the temperature of the water bath in a narrow mouthed 
bottle. After cooling, 10.0 cc. of absolute ethanol are added to each, 
the precipitate is broken up with a nichrome rod, and the contents are 
allowed to stand 1 hour and then filtered. A 5.0 cc. aliquot of the filtrate 
is evaporated to dryness in the photometer tube on the water bath. The 
residue is dissolved in 0.5 cc. of absolute ethanol. 0.5 cc. of dinitroben¬ 
zene reagent and 0.5 cc. of KOH reagent are added. The whole is mixed and 
set aside in the dark for 45 minutes, when 7 cc. of 95 per cent ethanol and 
1.5 cc. of water are added. The mixture is allowed to stand 3 minutes and 
then read immediately with standards which are processed in exactly the 
same maimer as the unknowns. The effect of the small amount of salt 
which dissolves in the absolute ethanol and the effect of salt upon the al¬ 
cohol extraction are controlled by processing the standards for the solu¬ 
bility in salt solutions by adding 1.0 cc. of the ethanol solution of 
the standards to 10 cc, of 3.89 aqueous NaCl solution. In determinations 
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from solution at pH 9.1 the aliquot was titrated to pH 5.0 with 0.2 N HC1 
before processing. 

Procedure for Aqueous and Aqueous Salt Solution of Progesterone —20.0 cc. 
aliquots plus 1 cc. of absolute ethanol are evaporated to dryness in 180 cc. 
narrow mouth bottles in vacuo at room temperature over calcium chloride. 
The standards in a volume of 1 cc. of absolute ethanol are added to 20 cc. 
portions of a blank solution and processed simultaneously with the un¬ 
knowns. After evaporation to dryness the process is the same as that for 
testosterone. The concentrations of the standards in the determination 
are 0.2 and 0.05 mg. 

Calculation —The optical densities of the high and low standards (0.2 
and 0.05 mg. respectively) are plotted against their concentrations on ordi¬ 
nary graph paper. The optical densities of the unknowns are referred to a 
line joining the coordinate values for the standards. Alternately if Ai and 
and A* are the optical densities of the high and low standards respectively 
(0.2 and 0.05 mg.) and X is the intercept at 0 concentration, 

A, — X - 4(A, - X) 



If the optical density of the unknown is B, then 
B — X 

- -— X 0.2 ■» mg. steroid in unknown sample 

Ai — X 

Recovery of Testosterone from Protein Solution —When 5 cc. of 3 per cent 
crystalline bovine albumin in 0.8 per cent NaCl plus 0.4 mg. of testosterone 
were evaporated to dryness on the water bath or in vacuo at room temper¬ 
ature, extraction of the residue with 10 cc. of absolute ethanol for 2 hours 
failed to recover any testosterone. Extraction with 10 cc. of chloroform 
also proved unsatisfactory. When an albumin solution containing tes¬ 
tosterone was added to absolute ethanol so that the alcohol content was 
80 per cent by volume, the testosterone was quantitatively recovered from 
the alcoholic filtrate (five experiments) when compared with a standard in 
which the testosterone was added to the alcoholic filtrate after removal of 
protein. In the analytical determination, the alcoholic filtrate is evaporated 
to dryness on the water bath. The process for recovering testosterone 
from rabbit serum was similar to that used for the albumin solution. The 
concentration of the ethanol solution was raised to 90 per cent by volume 
and the mixture was permitted to stand overnight before filtration. Re¬ 
covery in four experiments was 104 per cent when comparison was made with 
a standard in which the testosterone was added after filtration of the al- 
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coholic solution. The extractives from bovine albumin and rabbit serum 
were tested for their effect upon the color development of testosterone at 
0.05, 0.1, and 0.2 mg. concentration. The deviation from Beer’s law was 4 
per cent at the highest concentration for each substance (each experiment 
in triplicate). Since standards prepared with alcoholic filtrates of rabbit 
serum or albumin were used in all solubility determinations, this effect was 
controlled. 

The process for assaying progesterone in albumin solution or in rabbit 
serum was the same as that uSed for testosterone. In three experiments 
the recovery from albumin solution was 101 percent when comparison was 
made with a standard in which progesterone was added to the alcoholic 
filtrates. In four experiments the recovery from serum was 101 per cent 
when comparison was made with a standard in which the progesterone was 
added to the alcoholic filtrate after precipitation of protein. The influence 
of the alcohol-soluble constituents of albumin or serum upon the color 
development was exactly comparable to that found for testosterone. Re¬ 
covery of both testosterone and progesterone, added to globulin before 
processing for analysis, was 100 to 102 per cent of the value found after 
adding these hormones to the respective protein filtrates. The accuracy 
of the analytical procedure was of the same order as that found for albumin. 

Attempts at ultrafiltration with collodion membranes were unsuccessful, 
since both hormones as well as estradiol were adsorbed by the membrane. 
The adsorption of testosterone and progesterone was virtually complete 
from a saturated aqueous isotonic solution. 90 to 99 per cent of the hor¬ 
mones could be recovered by extraction of the membrane with 70 per cent 
ethanol in the case of testosterone and with 100 per cent ethanol (but not 
70 per cent) in the case of progesterone. Testosterone was not adsorbed 
by lamb’s cecum (Julius Schmidt Fourex) and was quantitatively recovered 
in the ultrafiltrate. 

Accuracy of Procedure —In twenty-eight pairs of determinations of tes¬ 
tosterone from water or aqueous sodium chloride solution in which each 
sample was processed independently with its own set of standards, the mean 
deviation from the mean of the pair was 3.1 per cent, 86 per cent of the 
values deviating not more than 5 per cent from the mean. The accuracy 
of the determination was greatly increased in the absence of salt. In four¬ 
teen pairs of duplicates evaporated from water, without alcohol extraction, 
the mean deviation from the mean was 2 per cent, no deviation exceeding 
4 per cent. For testosterone in albumin or serum, duplicate values devi¬ 
ated from the mean by less than 4.5 per cent 17 out of 19 times. In fifteen 
pairs of duplicates, in which each sample Was processed independently with 
its own standard, the mean deviation from the mean was 2.4 per cent for 
progesterone in water, no value deviating more than 5 per cent. In salt 
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solution, the mean deviation from the mean was 5 per cent for thirty pairs 
of determinations, 90 per cent of the values agreeing within 8 per cent. 
For progesterone in albumin or serum solution, duplicate values deviated 
from the mean less than 6 per cent 16 out of 22 times. 

Results 

Testosterone —At 37.5°, all values for the solubility in water deviate from 
the mean of 1.26 X 10~ 4 moles per liter by less than 5 per cent, the standard 
deviation of the mean being 0.01. They, therefore, all agree within the 
experimental error. Change of solvent, as well as variation in concen¬ 
tration of solute, is without influence, confirming the purity of the solute. 
In the experiments in which equilibration was maintained for 140 hours, 
the melting point of the solute is unchanged. In the experiment in which 
equilibration was carried out for 319 hours, the melting point is lowered 
0.5°, the solubility remaining the same. In general, the agreement for each 
solvent of the solubility values in the various salt concentrations confirms 
the agreement of results in water, the deviation being slightly greater. 
Only one value for 3.89 per cent NaCl, which deviates 19 per cent from 
the mean of the other values, is obviously out of line. The results are given 
in Table I. 

At 25.0°, the four values for water obtained by supersaturation are in 
excellent agreement. The undersaturation values in 1.0 and 3.89 per cent 
NaCl are 10 per cent less than the value obtained from supersaturation, 
but the deviation approaches the experimental error. 

In order to be certain that the product in solution was testosterone and 
not some decomposition product, an aqueous saturated solution, which 
had been subjected to equilibration over 140 hours, was evaporated to 
dryness in vacuo at room temperature over CaCl 2 . The melting point of 
the residue was 153.4-154.2°, indicating pure testosterone. 

The results recorded in Table I indicate that saturation of the solute is 
attained in a comparatively short period (70 hours). Before this was 
realized, preliminary experiments, in which equilibration was carried out 
over 500 hours, gave erratic results (20 per cent higher values) and it was 
found that when the result was erratic the melting point of the solute 
had suffered an appreciable lowering, 3.0°. Under these conditions, the 
results had no significance as to solubility. In the case of solubility in 3.89 
per cent NaCl, the melting point of the solute was depressed only 0.5° after 
this long period of equilibration, the results agreeing with those obtained 
on shorter equilibration. 

The solubility determinations in water and sodium chloride solutions 
were from unbuffered solutions. The pH of these solutions varied from 
6.1 to 7.0. The influence of pH was studied by equilibration in 0.1 per 



Table I 


Solubility of Testosterone in Aqueous NaCl and NatSO* Solutions 


Concen¬ 
tration of 
solute per 
100 cc. 

Equilibration 

Solubility, moles per liter X 10* 

Tem- 
per- : 
ature 1 

Time 

Water 

1 gm. NaCl 
per 100 cc. 

2 gm. NaCl . 
per 100 cc. j 

4 gm. NaCl 
per 100 cc. 

m . 

•c. 

krs. 





20 (1) 

37.5 

70 

1.26 (8) 




20 (1) 

87.5 

140 

1.29 (4) 

(m.p. 154.0) 




10 (1) 

37.5 

70 

1.24 (2) 

1.17 (2) 

1.09 (2) 

0.82 (2) 

10 (1) 

37.5 

140 

1.20 (2) 41 

1.07 (2) 

1.04 (2) 

0.88 (2) 




(m.p. 154.0) 

(m.p. 154.0) 

(m.p. 154.0) 

(m.p. 154.0) 

40 (1) 

37.5 

70 

1.28 (2) 

1.16 (2) 

0.98 (2) 

0.83 (2) 

40 (1) 

37.5 

140 

1.24 (2) 

1.11 (2) 

1.07 (2) 

0.81 (2) 




(m.p. 154.0) 

(m.p. 154.1) 

(m.p. 154.0) 

(m.p. 154.1) 

20 (1) 

37.5 

64 

1.26 (1) 

1.16 (1) 

1.04 (1) 

0.86 (1) 

20 (2) 

37.5 

78 

1.26 (1) 

1.12 (1) 

0.97 (1) 

0.83 (1) 

20 (3) 

37.5 

113 

1.28 (1) 

1.11 (1) 

1.03 (1) 

1.00 (1) 

20 (4) 

37.5 

64 

1.24 (1)* 

1.14 (1)* 

1.06 (1)* 

0.81 (1)* 




(m.p. 153.5) 

(m.p. 153.0) 

(m.p. 153.5) 

(m.p. 153.5) 

36 (1) 

37.5 

264 

1.30 (1) 

1.17 (1) 

1.05 (1) 

0.78 (1) 

40 (1) 

25.0 

88 

0.99 (1)* 




40 (1) 

25.0 

91 

0.91 (1)* 




40 (1) 

25.0 

96 

0.97 (1)* 




40 (1) 

25.0 j 

187 

0.92 (1)* 
(m.p. 163.6) 




20 (1) 

25.0 

72 


0.76 (2) 

0.67 (2) 

0.64 (2) 





(m.p. 154.0) 

(m.p#-154.0) 

(m.p. 154.0) 

20 (2) 

25.0 

141 


0.74 (3) 

0.74 (3) 

0.64 (3) 





(m.p. 154.0) 

(m.p. 153.8) 

(m.p. 164.0) 

20 (3) 

25.0 

71 


0.84 (3)* 

0.76 (3)* 

0.61 (3)* 





(m.p. 154.0) 

(m.p. 154.0) 

(m.p. 164.0) 

6 (3) 

25.0 

140 




0.63 (4)* 
(m.p. 163.6) 




0.1 per centNaHCCH, 
pH 9.1, * - 0.01 


2 gm. NaiSO« 
per 100 cc. 

4gm.NaaSO« 
per 100 cc. 

20 (1) 

37.5 

70 

1.21 (2) 


0.92 (2) 

0.66 (2) 

20 (1) 

37.5 

140 

1.23 (2) 


0.88 (2) 

0.66 (2) 

20 (1) 

37.5 

70 


i 

0.90 (2) 

0.75 (2) 

20 (1) 

37.5 

140 



0.91 (2) 

0.76 (2) 






(m.p. 154.0) 

(m.p. 154.0) 


The figures in parentheses following concentration of solute values (first column) 
indicate change of solvent; viz., (1) indicates original solvent, (2) indicates the 
second change, (8) indicates the third change of solvent, etc. 

The figures in parentheses following solubility values indicate the number of analyti¬ 
cal determinations. Unless noted by * the values are obtained from undersatura¬ 
tion. When the approach was from supersaturation, the solute and solvent were 
preequilibrated 2 to 4 hours at 55-60°. The values obtained from supersaturation 
are noted by *. 
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cent NaHCOa. The pH of this solution (which had been shaken to reach 
pH equilibrium) was 9.1. The solubility value obtained, 1.23 X 10 -4 
mole per liter, agrees well with the value of 1.26 X 10 -4 mole per liter ob¬ 
tained for water. The pH is obviously without influence. 

Progesterone, Water, and Sodium Chloride at 87.6° —In contrast to tes¬ 
tosterone, equilibrium with progesterone was not attained at 70 hours 
equilibration but was reached at 140 hours. Values attained from under¬ 
saturation at 140 or more hours and from supersaturation agree within 6 
per cent (nine experiments) for solubility in water, viz., (4.26 ± 0.05) X 
10 -8 mole per liter. Neither change of solvent nor a 4-fold change in 
solute affected the results. In salt solution, the agreement is subject to 
a greater variation, approximately double that found for water. This is 
in line with the results obtained with testosterone and indicates the error 
introduced by the extraction procedure. At pH 9.1 the solubility in 0.1 
per cent NaHCO* solution was 3.7 X 10~ 8 mole per liter. Melting point 
determinations of the solute after equilibration were performed in all experi¬ 
ments and the results in all cases were the same as that for the original 
solute or 0.2° to an extreme value of 0.5° higher. To demonstrate that 
the dissolved portion had not undergone decomposition, 350 cc. of solvent 
were separated from the insoluble solute phase and evaporated to dryness 
at room temperature in vacuo. One sample had been equilibrated at 60° 
for 3 hours; the other at 37.5° for 80 hours. The melting point of the resi¬ 
due from the latter experiment was 127.5-128.5° (corrected), that of the 
former 127.3-128.3° (corrected). The results are given in Table II. 

Progesterone, Water, and Sodium Chloride at 25.0 °—In preliminary ex¬ 
periments the solubility of progesterone at 25.0° was determined from super¬ 
saturation. The results were paradoxical in that the difference in different 
experiments was greater than the experimental error, duplicate analyses 
of the same experiment checking within 10 per cent. It was finally realized 
by studying the solubility both from undersaturation and supersaturation 
that there were two equilibrium forms of progesterone at 25.0°. These 
experiments were performed in a cabinet with violent agitation by a me¬ 
chanical shaker. Under these conditions the solute phase recrystallized. 
In the experiments recorded graphically in Fig. 1, the solubility in salt so¬ 
lution from supersaturation reaches a low value at 165 hours, increasing 
again at 286 hours. These low values are considerably lower than the high 
value obtained from undersaturation. The high values obtained at 100 
hours from undersaturation are not maintained in these cases on further 
equilibration. It was noted that even when approached from under¬ 
saturation a crystalline deposit of progesterone formed on the container at 
the junction of the surface layer with the container. It was concluded 
that when the low solubility was attained the solution was in equilibrium 
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with these new crystals; that when the high solubility was attained, equi¬ 
librium was controlled by the initial solid phase. It will be noted that in 
the case of water the low value from supersaturation was not attained 


Table II 

Solubility of Progesterone in Aqueous Salt Solutions 


Initial con¬ 
centration of 
solute per 

100 cc. solvent 

Equilibration 

time 

Condition to produce 
supersaturation 

Solubility, moles per liter X 10* 

Water 

1 gm. NaCl 
per 100 cc. 

2 gm. NaCl 
per 100 cc. 

4 gm. HiCl 
per 100 cc. 

mg. 

An. 






40 (1) 

300 . 

None 

4.2 (2) 

4.16 (2) 

.3.35 (2) 

3.15 (2) 

40 (1) 

600 

(< 


4.2 (1) 

3.6 (1) 

8.1 (1) 

40 (2) 

300 

44 

4.36 (2) 

3.7 (2) 

3.3 (2) 

2.45 (2) 

40 (2) 

600 

II 

4.4 (1) 

3.6 (1) 

3.1 (1) 

2.7 (1) 

40 (1) 

70 

II 

3.6 (2) 

3.0 (2) 

2.5 (2) 

2.2 (2) 

40 (1) 

140 

II 

4.0 (2) 

3.6 (2) 

3.4 (2) 

2.9 (2) 

W (1) 

70 

II 

3.6 (2) 

3.0 (2) 

2.3 (2) 

2.0 (2) 

* 10 (1) 

140 

II 

4.2 (2) 

3.3 (2) 

2.9 (2) 

2.6 (2) 

10 (1) 


3 hrs., 49-62° 

4.6 (2) 




10 (1) 

70 

3 “ 49-62° 

4.3 (1) 




10 (1) 

140 

3 “ 49-62° 

4.3 (2) 




10 (1) 

70 

2.6 hrs., 60° 

4.3 (1) 




10 (2) 

70 

19 hrs., 60° 


3.7 (1) 

3.2 (1) 

2.6 (1) 

10 (1) 

3 

None 

6.1 (2)* 

6.1 (2)* 

4.8 (2)* 

3.8 (2)* 

10 (1) 

6 

ii 

6.3 (2)* 

6.1 (2)* 

4.9 (2)* 

4.1 (2)* 




0.1 per cent 
NaHCOi 


2 gm. NsjSO* 

4 gm. NasSOi 




pH 9.1 


per 100 cc. 

per 100 cc. 

10 (1) 

140 

H 



2.8 (4) 

2.2 (4) 

10 (1) 

210 

ii 



2.0 (2) 

2.3 (2) 

10 (1) 

100 

ii 

3.3 (2) 




10 (1) 

170 

ii 

3.7 (2) 





The figures in parentheses following concentration of solute values (first column) 
indicate change of solvent, wz., (1) indicates original solvent, (2) indicates the 
second change, (3) indicates the third change of solvent, etc. 

The figures in parentheses following the solubility value indicate the number of 
analytical determinations. All solubility data are for 37.5°, except those indicated 
by *, which are for 59.5°. Solubility was approached from undersaturation unless 
preequilibrated at a higher temperature as indicated in the third oolumn. 

(Fig. 1). This experiment was repeated, but the solvent was separated 
from the solute at the higher temperature used to produce supersaturation. 
In this case the solute was in equilibration with the crystals which deposited 
from the supersaturated solution and the solubility reached a low value. 
The melting point of the crystals which deposited was 127.8-128.8° (cor- 
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rested). In the other experiments, both those in which equilibrium was 
nt.tninnd from undersaturation and from supersaturation, the solute phase 
after equilibration showed no change in melting point or a slight 0.2-0.3 0 
elevation. 

With the highest value obtained from undersaturation and the lowest 
value obtained from supersaturation or by continued equilibration after 
crystal formation, two sets of solubility values which agree within the ex- 



Fig. 1. The solubility of progesterone in water with increasing ionic strengths, 
of NaCl at 26.0®. • indicates solubility values approached from supersaturation; 

O values aproached from undersaturation; X indicates the experiment in which the 
solid phase of solute was removed after supersaturation, m is calculated per liter. 

perimental analytical error with the Setschenow salting-out law are 
obtained. 

Progesterone has two polymorphic modifications, one melting at 128°, 
the other at 121°. These have different crystalline forms and are readily 
interconvertible. However, from the melting points obtained in the fore¬ 
going experiments, the two equilibria at 25.0° cannot be explained on the 
basis of the interconversion of the form with a melting point of 128° to the 
form with a melting point of 121°. In the case of AsjOj, three modifi¬ 
cations, one of which is amorphous, have widely different solubilities in 
water. It is possible that progesterone has a third metastable form which 
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exists temporarily as crystallization at 25.0° proceeds from saturated so¬ 
lution. It should be borne in mind that, while progesterone has a readily 
producible melting point, it is not sharp, covering a range erf about 1°, and 
this in itself would favor the existence of a polymorphic modification. 

The solubility values obtained for both testosterone and progesterone in 
aqueous sodium sulfate solution are slightly lower than the values pre¬ 
dicted from the solubility in aqueous sodium chloride solution on the basis 

' Table III 


Solubility of Testosterone in Bovine Albumin Solution at Ionic Strength it “ 0.166 with 
1 Mg. of Solute per Cc. of Solvent 


Temperature 

Per cent 
albumin 

pH 

Equilibration 

time 

Solubility 

M.p. of solute after 
equilibration 

•c. 



krs. 

moles per l. X 10* 

•c. 

37.5 

3.0 

5.3 

6 

10.9 (2) 




5.3 

12 

11.8 (2) 




5.3 

24 

11.6 (6) 




5.3 

28 

11.9 (2) 




5.3 

40 

11.6 (2) 

153.5-154.0 

37.5 

3.0 

7.4 

23 

14.2 (2) 




7.4 

37 

13.2 (2) 

153.0-153.5 

37.5 

3.0 

8.0 

30 

15.6 (2) 




8.0 

45 

15.3 (2) 

153.3-153.8 

37.5 

1.0 

5.4 

24 

5.4 &) 




5.4 

38 

4.9 (2) 

153.3-154.0 

25.0* 

3.0 


23 

9.3 (2) 




5.3 

32 

9.0 (2) 

153.0-153.5 

25.0 

3.0 

5.3 

28 

10.7 (2) 




5.3 

52 

10.6 (2) 

153.0-153.5 

25.0 

3.0 

7.2 

24 

12.6 (2) 





48 

12.3 (2) 

153.0-153.3 


The figures in parentheses following solubility values indicate the number of 
analytical determinations. 

* Approached from supersaturation, after 40 hours equilibration at 37.5*. 


of ionic strength, but the agreement is far closer than it is for solubilities 
of proteins in aqueous solutions of these salts (4). 

Solubility in Protein Solution —The solubility data for testosterone in 
solution of crystalline albumin from bovine plasma indicate that equi¬ 
librium is rapidly reached. After 24 hours equilibration, the value lessens 
slightly in each experiment, although the difference individually is not sig¬ 
nificant. This difference may be explained on the basis of protein de- 
naturation. Although pH had no effect upon testosterone solubility in 
aqueous solution in the physiologic range, pH has a pronounced effect in 
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albumin solution. In the range studied, pH 5.3 to 8.0, histidine is responsi¬ 
ble for the change of base bound per mole of protein because of its ionization 
constant, and the increase in solubility may be related to this phenomenon. 
Although the solubility of testosterone in 3 per cent albumin at pH 7.4 is 
approximately 3.5 times that of progesterone, it is apparently significant 
that the increase in solubility with increase in pH for the range pH 5.3 to 

Table IV 


Solubility of Progesterone in Bovine Albumin Solution at Ionic Strength it —0.166 with 
04 to 0.76 Mg. of Solute per Cc. of Solvent 


Temperature 

Per cent 
albumin 

pH 

Equilibration 1 
time 

Solubility 

M.p. of solute 
after equilibration 

°C. 



krt. 

moles pet /. X 10 4 1 

°C. 

37.5 

3.0 

5.3 

6 

2.7 ( 2 ) 





12 

3.3 ( 2 ) 





24 

3.4 ( 6 ) 





32 

3.4 ( 2 ) 

128 . 0 - 128.7 

37.5 

8.0 

7.4 

24 

3.8 ( 2 ) 




1 

i 38 

4.4 ( 2 ) 

! 127 . 8 - 128.5 

37.5 

3.0 

8.1 

30 

6.2 ( 2 ) 


- 



45 

6.8 ( 2 ) 

127 . 7 - 128.6 

87.5 

1.0 

5.3 

25 

1.3 ( 2 ) 





39 

1.6 ( 1 ) 

127 . 3 - 127.5 

25.0 

3.0 

5.3 

24 

2.1 ( 4 ) 





36 

1.9 ( 2 ) 





52 

2.6 ( 4 ) 





70 

2.6 ( 2 ) 





94 

2.6 ( 2 ) 

128 . 0 - 129.0 

25.0 

3.0 

7.1 

48 

3.0 ( 2 ) 





72 

2.9 ( 2 ) j 

127 . 7 - 128.7 


The figures in parentheses following solubility values indicate the number of 
analytical determinations. 


8.0 is virtually identical, viz., 3.8 versus 3.4 X 10~ 4 mole per liter. The 
results are given in Table III. 

In contrast to testosterone, the solubility for progesterone in 3.0 per cent 
albumin solution increased after 24 hours equilibration in four of the experi¬ 
ments. As was the case for aqueous solution, this indicates that equi¬ 
librium for progesterone is more slowly attained than for testosterone. See 
Table IV. 

The solubility of testosterone in bovine y-globulin was determined at 
ionic strength p — 0.155 with 0.5 mg. of solute per cc. of solvent in 3.0 per 
cent protein solution at pH 7.2 and 37.5°. Values for the equilibration 
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times of 24 and 44 hours were identical; namely, 2.6 X 10 -4 mole per liter. 
This compares with a value of 14.2 X 10 -4 mole per liter for 3 per cent 
albumin at approximately the same pH. A value for the solubility of 
progesterone in 7 -globulin under the same conditions could not be 
determined, as it virtually approached that for isotonic saline. 

The solubility values for testosterone and progesterone in rabbit serum 
are given in Table V. There appears to be a rough correlation between 
protein content and solubility. It is apparent that albumin is responsible 
for approximately 70 per cent df the solubility of testosterone in serum and 


Table V 

Solubility of Testosterone and Progesterone in Rabbit Serum at 37.8° 


Steroid 

Protein content 
of serum 

pH 

Equilibration 

time 

Solubility 


Per cent 


hr*. 

moles per /. X /0 4 

itosterone 

7.3 

8.5 

24 

35 («) 


7.3 

8.5 

46 

31 (9) 


6.0 

8.3 

24 

33 (6) 

> 

6.8 

8.2 

29 

28 (2) 

■gesterone 

6.1 

8.5 

24 

10.9 (4) 


6.1 

8.5 

44 

12.6 (4) 


6.6 

8.3 

48 

14.0 (4) 


6.6 

8.2 

72 

14.1 (4) 


5.8 

8.2 

29 

9.5 (2) 

! 

6.2 

8.3 

1 

24 

11.8 (2) 


In all cases the melting point of the solute after equilibration was within 0.2-0.5® 
of that of the original substance. The figures in parentheses after the solubility 
values indicate the number of analytical determinations. 2.5 mg. of testosterone 
per oc. of solvent and 1.5 mg. of progesterone per cc. of solvent were used in all exper¬ 
iments. 

for approximately 86 per cent of the solubility of progesterone in serum. 
The difference is probably relegated to globulin, which had no dispersing 
power toward progesterone. On the basis of published estrogen determi¬ 
nations (5) of human plasma fractions one might expect the fr-lipoprotein 
fraction, which was found to contain most of the estrogen activity, to con¬ 
tribute to the steroid solubility. The balance sheet for albumin, 7 -globulin, 
and lecithin (in the case of estradiol) in our studies leaves little room for 
the di-lipoprotein fraction. The estrogen reported in the ft-lipoprotein 
fraction may be esterified, and hence manifest markedly different physical 
properties. This question is at present under investigation. At any rate 
the estrogen is reported not to be estradiol. • 
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DISCUSSION 

The decrease in solubility produced by electrolytes was first described 
in terms of an exponential equation, empirically derived by Setschenow 
from solubility data of gases in salt solution (6). 

In 8 - In So - KC (1) 

in which So is the theoretical solubility in water, S the solubility in the 
electrolyte solution, C the concentration of electrolyte, and K a constant. 
Debye and MacAuley (7) described the activity coefficients of the solute 
in salt solution, which are measured by the deviation in solubility, in terms 
of an equation in which activity is roughly proportional to electrolyte con¬ 
centration. Htickel (8) added to this equation a correction for the change 
in the dielectric constant of the solution with electrolyte concentration. 
The equation describing the effect of the electrolyte on the non-electrolyte 
solubility is, 

In y n - We* r + *n/2RTb. D\ p*)vm. (2) 

in which y n is the activity coefficient of the non-electrolyte, N is Avogadro’s 
number, e is the proton charge, f the valence, 5 n the molar dielectric incre¬ 
ment, b $ the radius of the salt ion, Do the dielectric constant of the solvent, 
po the polarization of the solvent, v the number of cations and anions, and 
m, the moles per kilo of electrolyte. The salting-out effect depends upon 
the temperature, upon the dielectric constant of the solvent, upon the rate of 
change of dielectric constant with changing concentration of the solute, and 
upon the valence and radii of the ions. 

If the original Setschenow equation holds, these effects are incorporated 
in its two constants, in which So is dependent upon temperature and K 
combines the salting-out effect and salting-in effect. K holds when the 
salting-out effect is large compared with the salting-in effect. 

The values of the constants of the Setschenow equations depend upon 
whether solubility is expressed as the mole fraction, moles per liter, moles 
per kilo of solvent, or moles per kilo of water and whether concentration is 
expressed as m, the ionic strength of Lewis (9) calculated per kilo of water 
or that of Debye calculated per liter of solvent. While mathematically the 
equation could not hold equally well for any of these expressions, experi¬ 
mentally the accuracy of fit has been found to be of about the same order. 
With the Debye concept, our data as treated in Fig. 2 are based upon the 
equation 

P s - pSo + K( r/2) (1, a) 

in which p S is the negative logarithm of the solubility in moles per liter, 
p$o is the negative logarithm of the solubility in water in moles per liter, 
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and T is the ionality (double ionic strength) in moles per liter, r ** XCf 2 
in which C is the concentration of each ion and is the valence of the ion. 

Frequently the expression So in the Setschenow equation is replaced by 
a constant B, particularly when the actual solubility in water, is not equal 
to the value <S 0 , which is regarded as a hypothetical solubility obtained by 
extrapolation. /So may be more than a constant empirically determined, 
since under certain conditions it becomes one of the parameters in determin¬ 
ing the activity coefficient of the solute, viz., y = So/S 1 , where y is the ac¬ 
tivity coefficient, So is the solubility derived from the Setschenow equation, 
and S 1 is the actual solubility. 

Since the activity of the solid solute is taken as 1, $*y/l = fc, which is 
the mass law in its simplest form. In the Setschenow equation, when 5 1 * 
is negligible compared with the concentration of salting-out solute, So be¬ 
comes the solubility at infinite dilution of both solutes. So then equals k, 
since the activity coefficient at infinite dilution is 1, and finally 

~ S. ( 3 ) 

Obviously, So in the Setschenow equation becomes valid for the determi¬ 
nation of the activity coefficient only if the experimental values give a 
linear extrapolation, 1 which in itself is a test of the law. 

These conditions have been met in the data presented graphically in 

Fig. 2. 

If we substitute the solubility values as negative logarithms in the 
Setschenow equation and take the intercept at 0 ionic strength as So (or B), 
the value for +K for testosterone in NaCl at 37.5° becomes 0.27; for NaCl 
at 25° it becomes 0.28, and for Na^SO* at 37.5°, 0.31. The intercept at zero 
ionic strength agrees with the value found experimentally in water well 
within the experimental error, showing that within this error the activity 
coefficient of testosterone is 1.0. The values of +K for progesterone are 
0.32 for NaCl at 37.5° and 0.35 for sodium sulfate. The intercept at zero 
ionic strength agrees well with the experimental value obtained in water, 
indicating an activity coefficient of 1.0 for progesterone. It will be noted 
that the values of K for progesterone are in fairly close agreement with 
those obtained for testosterone, indicating a marked similarity in the re¬ 
sponse to salting-out, although the absolute solubility values for proges¬ 
terone are about one-third the values for testosterone. 

Included in Fig. 2 are published (10) and unpublished data for the sol¬ 
ubility of estradiol in aqueous solution at varying ionic strengths in the 
range pH 6.5 to 8.0. These values were obtained by bioassay, with an 

1 When S is not small compared to the concentration of salting-out solute, log S 
is plotted against S + S salt or \/S + S salt to obtain a linear extrapolation giving 
the solubility at infinite dilution for both solutes. 
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accuracy within 15 per cent 10 out of 20 times (11). The agreement of the 
available data with the Setschenow equation is realized within the error of 
the assay. + K in the Setschenow equation becomes approximately 0.20. 
In the pH range studied pH is without effect upon solubility (10), indicating 
complete hydrolysis, which is consistent with an ionization constant as weak 
as that of phenol. Moreover, the ionization would be less than 0.1 per 



Fiq. 2. The solubility of testosterone, progesterone, and a-estradiol in aqueous 
solutions of varying ionic strength. p& is the negative logarithm of the solubility 
in moles per liter, n is the ionic strength of the electrolyte. O indicates NaCl 
as the electrolyte; • indicates Na^SO* as the electrolyte, m is calculated per liter 

cent; so that the estradiol in solution behaves substantially as a non-elec¬ 
trolyte. 

Since under the conditions of our solubilities of testosterone, proges¬ 
terone, and estradiol, the ratio of the solubility in water to that in aqueous 
salt gives the activity coefficient, 

In y ,» - In 89 — In 8 » (iVs* £-6n/2RTb, D J po)sm f (1, 2, 8) 

Now, since In £0 — In S * KC, the salting-out constant in the Setschenow 
equation becomes equal to the expression in parentheses in equation (2). 
In comparing the solubilities of the three steroids at the same temperature 
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and in the same ionic environment, all the parameters in equation ( 2 ) are 
constant except $ n , which is proportional to K in the Setschenow equation. 
The molar dielectric increment of estradiol is, therefore, about two-thirds 
that of testosterone or progesterone. These constants would in all cases 
be negative. Since the molecular model assumed in equation (2) is over¬ 
simplified, calculated values for the molar dielectric increments could not 
be considered too seriously, but the order of magnitude should be correct, 
however. 

Since albumin is in colloidal solution, and since the other constituents 
of serum which contribute to the dispersion of the steroids are also in col¬ 
loidal solution, the question arises as to whether the steriod is adsorbed by 
the colloid or whether it is oriented in the solvent by secondary valence 
bonds of the colloid. The distinction is probably one of degree, but we are 
more inclined to hold that it is not adsorption, because on the introduction 
of another phase ( 10 ) the steroid is in equilibrium with the second phase as 
though it were in true solution. It is interesting to compare the relative 
dispersing powers of albumin toward the three steroids. At pH 7.0 to 7.4 
estradiol is 22 times as soluble in 3 per cent albumin solution as in isotonic 
saline, but this ratio is only 12 to 13 times for testosterone or progesterone. 
Testosterone is about 3 times as soluble in isotonic saline as progesterone. 
This ratio holds roughly for solubility in albumin in the range pH 5 3 to 
8.0 and in serum at pH 8.3 to 8.5. A comparison of the dispersing power 
of 7 -globulin with that of albumin for the steroids reveals that for estradiol 
the globulin is 40 per cent as effective as albumin, but only 12 per cent as 
effective for testosterone. The dispersing power of globulin for proges¬ 
terone is nil. The solubility of estradiol in 1 per cent isotonic 7 -globulin 
solution at pH 7.0 was 3.9 X 10~ 8 mole per liter. The weak dispersing 
power of 7 -globulin compared with albumin, as regards the steroid hor¬ 
mones, is probably of physiologic significance, emphasizing the unique 
qualities of albumin in binding substances with the polar properties of the 
steroids. 

A comparison of the dispersion of testosterone, progesterone, and estra¬ 
diol in 1 and 3 per cent albumin solution was made at 37.5° at the same pH. 
When solubility in non-protein isotonic salt solution is subtracted, the dis¬ 
persion of estradiol is proportional to the protein concentration. For both 
testosterone and progesterone, the ratios are 1 :2.7 instead of 1:3.0. Con¬ 
sidering the possibility of analytical errors of 5 per cent, the agreement is 
reasonably close. On a molar basis albumin disperses about 0.5 mole of 
estradiol, 0.7 to 1.5 moles (depending on pH) of progesterone, and 2.5 to 3.3 
moles (depending on pH) of testosterone. 1 mole of fatty acid is contained 
per mole of crystalline albumin and is regarded as necessary to achieve 
crystallisation. 

The heats of solution or dispersion calculated from the van’t Hoff re- 
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action isochor are given in Table VI. The number accompanying each 
heat of solution is either the standard deviation of the mean or an approxi¬ 
mation of this constant. For progesterone in water or aqueous salt solution 
the equilibrium form having the highest solubility was used in the calcu¬ 
lation, since the evidence at hand indicated that the solute was in equi¬ 
librium with the original solid phase. In calculating the heat of dispersion 
in protein solution, the solubility in isotonic saline is subtracted from each 
solubility value before the calculation is made. This value is, therefore, 
not a heat of solution, since the disperse phase is in equilibrium not with 
the solid phase but with the aqueous non-protein electrolyte phase. The 
heat of dispersion is, therefore, the heat involved in the orientation of the 
steroid by the protein. The heat of dispersion is presented as a new con- 

Table VI 

Heals of Solution and Disperson of Testosterone, Progesterone, and Estradiol in Water, 
Aqueous NaCl, or 3 Per Cent Bovine Albumin Solutions 


Solute 

Solvent 

Heat of solution (or dispersion) 



calories per mole 

Testosterone 

I Water 

4,300 dfc 100 


1, 2, or 4% NaCl 

4,400 =fc 100 


3% albumin, pH 5.3 

1,100 ± 400 


3% “ “ 7.3 

1,900 ± 900 

Progesterone 

Water 

7,300 ± 1300 


1, 2, or 4% NaCl 

6,700 ± 1000 


3% albumin, pH 5.3 

3,600 dfc 1200 


3% 14 “ 7.3 

5,500 ± 1100 

Estradiol 

0.9% NaCl 

4,300 ± 1400 


3% albumin, pH 5.3 ] 

13,700 ± 2000 


cept, following logically from (a) the temperature coefficients of dispersion 
and (6) the concentration of steroid by a protein solution phase separated 
by a membrane from an aqueous non-colloidal phase (10). The heat of 
dispersion of estradiol by albumin is high compared with that of either 
testosterone or progesterone and is further characterized by its independ¬ 
ence of pH. 

Since testosterone and progesterone were determined by the Zimmer- 
mann reaction which does not respond to estradiol and since estradiol was 
determined by an assay which was not sensitive to the amounts of tes¬ 
tosterone or progesterone present, it was possible to determine the mutual 
effect of two steroids on their dispersion by albumin solution. This experi¬ 
ment is reported in another paper (10), but the results should be considered 
in summarizing the effect of dispersion by protein. While estradiol had no 
measurable effect upon the dispersion of the two other steroids, its dis- 
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persion was significantly depressed by the other two. The influence which 
estradiol would be expected to have on the two other steroids is probably 
within the experimental error ; since the concentration of estradiol is so 
much less than that of the other steroids, its influence would not be meas¬ 
urable. 

In summarizing, one is impressed by the characteristic differences not 
only in the two proteins studied, but also in the differences in response of 
the three steroids for the same protein. These differences are probably of 
fundamental importance in the'distribution of the steroid in the organism. 

SUMMARY 

The solubilities of testosterone, progesterone, and a-estradiol in aqueous 
sodium chloride or sodium sulfate solution in the temperature range 25- 
37.5° follow the Setschenow equation, pS = pS 0 + Kp t in which p S is the 
negative logarithm of the solubility in moles per liter, pSo is the negative 
logarithm of the solubility in water in moles per liter, K is the salting-out 
constant, and p is the ionic strength. pS 0 determined by extrapolation 
agrees with the solubility in water experimentally determined within the 
error of the method used, and so the activity coefficients for solubility in 
water are 1.0 within that error. At 37.5°, pSo is 3.90 for testosterone, 4.37 
for progesterone, and 5.0 for estradiol. 

Within the range pH 5 to 8, pH is without appreciable influence on the 
solubility of the three hormones in aqueous non-protein solution. 

At 25°, progesterone solubility depended upon two equilibrium phases. 

Testosterone, m.p. 153.7-154.2° (corrected), and progesterone, m.p. 
127.5-128.5° (corrected), gave the same respective solubilities with a 4-fold 
change in concentration or a 3-fold change in solute, indicating that these 
are the melting points for the pure compounds. 

At pH 5.3 to 5.5 and 37.5°, the solubilities in isotonic solution containing 
3.0 gm. per 100 cc. of bovine crystalline albumin were 2.0 X 10~ 4 mole per 
liter for estradiol, 3.4 X 10~ 4 mole per liter for progesterone, and 11.8 X 
10~ 4 mole per liter for testosterone. An increase of pH from 5.3 to 8.0 
increases the dispersion of both testosterone and progesterone by 3.6 X 10~ 4 
mole per liter. The dispersion of estradiol is not affected by pH. Bovine 
y-globulin at pH 7.0 had no dispersing power toward progesterone. 

The heats of solution or dispersion in the temperature range 25.0-37.5° 
are calculated from the van’t Hoff isochor. The heat of dispersion is in¬ 
troduced as a new concept. 

We wish to thank Dr. Erwin Schwenk of the Schering Corporation for the 
steroid hormones used in these experiments and Dr. J. B. Lesh of Armour 
and Company for the y-globulin. 



STEROID HORMONES IN BIOLOGIC SYSTEMS 


Acknowledgment is made to Mr. Robert E. Katherman for the bioassays 
of estradiol. 


BIBLIOGRAPHY 

1. Zimmermann, W., Z . physiol. Chem ., 233, 257 (1935). 

2 . Holtorff, A. F., and Koch, F. C., /. Biol Chem., 135, 377 a940). 

3. Callow, N. H., Callow, R. K., and Emmens, C. W., Biochem. J., 32, 1312 (1938) 

4. Cohn, E. J., Chem. Rev., 19, 241 (1936). 

5. Roberts, S., and Szego, C. M., Endocrinology , 39, 183 (1946). 

6 . Setschenow, Ann. chim. et phys., 25, 226 (1892). 

7. Debye, P., and MacAuley, J., Phys. Z., 26, 22 (1925). 

8 . HQckel, E., Phys. Z., 26, 93 (1925). 

9. Lewis, G. N., and Randall, M., Thermodynamics and the free energy of chem¬ 

ical substances, New York and London, 373 (1923). 

10. Bischoff, F., and Katherman, R. E., Am. J. Physiol , 152, 189 (1948). 

11. Bischoff, F., and Pilhorn, H. R., Am. J. Physiol ., 150, 444 .(1947). 



FRACTIONATION, ELECTROPHORESIS, AND CHEMICAL 
STUDIES OF PROTEINS IN SERA OF CONTROL 
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Cohn and his associates (1) introduced new and valuable procedures for 
fractionating human serum proteins by using varying concentrations of 
ethanol at different hydrogen ion concentrations, low ionic strengths, and 
low temperatures. These principles were utilized in fractionating the 
serum proteins of control and injured dogs (2) and rats (3). Dogs injured 
by turpentine, heat, or sulfur mustard show marked changes in the electro¬ 
phoretic patterns of their sera and fractions, due in part to the appearance 
of new proteins and to increased amounts of lipoproteins. Since data 
concerning goat serum are not available, the present study was undertaken 
to determine (a) conditions for fractionation and (b) the distribution of 
proteins and their associated lipides in the serum of control and injured 
animals. 

Methods 

The description of the apparatus used, methods for adjusting ethanol 
concentrations, ionic strength, pH, the electrophoretic technique, and 
the analytical procedures have been presented previously (2). 

Small individual samples of goat serum were obtained by withdrawing 
blood from the external jugular vein. Large amounts of serum were ob¬ 
tained from the pooled blood of a number of goats which were exsangui¬ 
nated under anesthesia. Serum was sent to this laboratory packed in dry 
ice. These sera were maintained at low temperature and were thawed 
at 5° just before being fractionated. 

Groups of goats were gassed (head excluded) with the vapor of sulfur 
mustard, bis(0-chloroethyl)sulfide (H) and by cutaneous application of 
50 mg. per kilo of H to the shaved back. A number of goats were each 
injected subcutaneously with 0.5 ml. quantities of turpentine into ten 

* The work described in this paper was done under oontraot between the Medical 
Division, Chemical Corps, United States Army, and the University of Virginia. 
Under the terms of this oontract the Chemical Corps neither restricts nor is respon¬ 
sible for the opinions or conclusions of the authors. 
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different sites. These animals were exsanguinated 7 days after injection 
and the blood was pooled. Third degree bums on about 20 per cent of 
the body area were produced in other animals. 

Fractionation Procedure* 

The first procedure used for fractionation was that recommended for 
human serum (1); the results were unsatisfactory except for fraction 
11+111. Fractions IV and IV-4 contained practically all of the albumin 

Diagram 1 

Major Fractionation of Strum* 

Serum 

Ethanol 20%; 
pH 7.0; T/2 0.094. 


Supernatant II+III; ethanol 28%; pH 6.0; r/2 0.1 

Fraction Il-f III 

| 

Supernatant IV; ethanol 40%; pH 6.4; r/2 0.1 

I 

Fraction IV 

| 

Supernatant IV-4,1; ethanol 40%; pH 6.0; r/2 0.1 

I 

Fraction IV-4,1 

I - 

Supernatant IV-4; ethanol 40%; pH 4.8; T/2 0.1 

1 

Fraction IV-4 

i 

Fraction V 


* The details of the fractionation procedure may be obtained, upon request, from 
this laboratory. 

in addition to the <*r and os-globulins. The yield of fraction V was 
negligible. 

A second procedure was developed after studying the effect of pH, 
ethanol concentration, ionic strength, and the type of salt on the separation 
of the components of the fractions IV and IV-4. It was found that rela¬ 
tively high concentrations of sodium chloride were more effective than 
sodium acetate in decreasing the albumin content of these two fractions. 
It was also noted that the a-globulins were effectively precipitated at 
relatively high pH and ethanol concentrations. The procedures outlined 
in Diagrams 1 to 4 were used for obtaining most of the data presented in 
this paper. Five main fractions could be obtained (Diagram 1) but in 
most cases fractions IV-4,1 and IV-4 were combined by adjusting the 
supernatant of fraction IV to pH 6.0 and 40 per cent ethanol. 
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Further experimental work was undertaken to improve the fractionation 
of IV-4 (includes IV-4,1) since this fraction yielded extremely turbid 
solutions after short periods of storage in the cold, which appeared to be 

Diagram 2 

Subfractionation of Fraction IV 
Fraction IV dissolved in 5 times its weight of H*0 


Ethanol 27%; 
pH 5.8; T/2 0.09 


1 

Supernatant IV-W; ethanol 40%; pH 4.8; T/2 0.073 

l 

Fraction IV-W 

i 

Fraction IV-W1 

Dissolve Fraction IV-W in 6 times its weight of HjO 


Ethanol 18%; 
pH 6.8; T/2 0.1 

i 

Supernatant IV-A; ethanol 31%; pH 5.8; T/2 0.1 

i 

Fraction IV-A 


Fraction 1V-B 


Diagram 3 

Subfractionation of Fractions IV-4 * r -4, f 
Fraction IV-4 dissolved in 20 times its weight of HsO 

Ethanol 30%; 
pH 7.2; T/2 0.1 


Supernatant IV-4A; ethanol 34%; pH 6.8; T/2 0.1 Fraction IV-4A 


, Supernatant IV-4B; ethanol 40%; pH 4.8; T/2 0.084 Fraction IV-4B 


Fraction IV-4C 

due to denaturation of ai-globulin. It was found that the components of 
fractions IV-4 and V could be precipitated from supernatant IV at 30 per 
cent ethanol, pH 4.8, and ionic strength of 0.09 (Diagram 6). After raising 
the ethanol concentration of the supernatant to 40 per cent, a small precip- 
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Diagram 4 

Subfractionation of Fraction V 
Fraction V dissolved in 6 times its weight of H*0 

Ethanol 14%; 
pH 4.3 


Supernatant V-l; ethanol 19.3%; pH 4.3 

Fraction V-l 

| 

Supernatant V-2; ethanol 40%; pH 4.8 

i 

Fraction V-2 

i 

Fraction V-3 


Diagram 5 

Modification in Major Fractionation of Goat Serum 
Supernatant IV 


Ethanol 30%; 
pH 4.8; r/2 0.1 


Supernatant IV-4-fV; ethanol 40%; pH 4.8; V/2 0.085 Fraction IV-4*-HV 

I 

Fraction VI 

Modified Subfractionation of Fractioru IV-J++V 
Fraction IV-44-V dissolved in 10 times its weight of HiO 

Ethanol 16%; 
pH 4.50; T/2 0.08 


Supernatant IV-4; ethanol 40%; pH 4.8 Fraction IV-4 


Fraction V 

Fraction IV-4 dissolved in 10 times its weight of H a O 


Ethanol 14%; 
pH 5.30; T/2 0.05 


Supernatant IV-4A; ethanol 40%; pH 4.8 Fraction IV-4A 


• TV-A 1 


Fraction IV-4B 
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itate, consisting of ai-globulin, appeared (fraction VI) which yielded a 
very turbid solution. The fraction IV-4+V yielded a dear solution. 

Experiments were conducted to determine the best conditions for sub¬ 
fractionation of IV-4+V. It was found that the globulins could be 
separated from albumin most effectively at (1) a pH on the acid side of the 
isoelectric point of albumin, (2) low ethanol concentrations, and (3) a 
relatively high ionic concentration maintained with sodium acetate. 
High ax and comparatively lpw albumin concentrations could be attained 
for fraction IV-4 without denaturation of the ai-globulin. 

0—0 CONTROL 
•__ o.l M N«CI 



Fig. 1 . Influence of sodium chloride and sodium acetate on the solubility of 
electrophoretically pure goat albumin in the presence of varying concentrations of 
ethanol. 


In order to determine the effects of 34 m sodium chloride or sodium 
acetate at pH values below and above the isoelectric point at varying 
concentrations of ethanol, the solubility of electrophoretically pure goat 
albumin was studied. The albumin solution (1.0 per cent) was dialysed 
at 6° for 4 days against frequent changes of distilled water. Aliquots, 
which were adjusted to pH 4.4 and 5.5 with a minimum of sodium acetate 
in acetic acid buffer to give a final ionic strength of 0.005, served as “salt- 
free” controls. Other aliquots were adjusted to the desired pH, ionic 
strength (0.1), and ethanol concentration by adding calculated amounts 
of sodium chloride or sodium acetate and buffers dissolved in 53.3 per cent 
ethanol. The precipitates formed at different ethanol concentrations 
were analyzed for nitrogen and the results plotted (Jig. 1). The solubility 
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of albumin was increased by sodium acetate and especially by sodium 
chloride at a pH above its isoelectric point. On the other hand, at pH 
4.4 sodium acetate increased and sodium chloride decreased the solubility 
of albumin. These data were useful in developing the procedures for 
separating albumin from globulins as shown in the subfractionation proce¬ 
dures (Diagram 5). 


Results 

Controls —A number of sera of control goats were analyzed electro- 
phoretically. The mean values and standard deviations for the mobility 


Table I 

Mobilities* and Percentage Distribution of Components in Control Goat Serum 


Boundaries 

Albumin 

Globulins 

| as | 0 | 7 

Mobilities 

Descending 
(7 goats) 
Ascending 
(10 goats) 

6.9 ± 0.05 

7.5 ± 0.05 

5.3 rib 0.04 

6.0 =fc 0.04 

4.0 =fc 0.04 

4.7 db 0.05 

3.0 rfc 0.03 

3.6 db 0.03 

1.8 zh 0.03 

2.3 ± 0.03 

Per cent distribution 

Descending 
(10 goats) 
Ascending 
(11 goats) 

:37 ± 2.5 

37 ± 2.7 

11 db 0.8 

10 ri= 0.9 

13 =b 0.8 

12 db 0.6 

8 db 1.4 

8 ± 1.0 

31 ± 0.6 

33 db 0.6 


* In barbital buffer at pH 8.6, ionic strength 0.1, and temperature 2° expressed 
as cm.* volt"* 1 sec."* 1 X 10"”*. Serum diluted 1:1.6, 


of each protein component are shown in Table I. This information served 
as a guide for identifying the components in each fraction. The values 
for the percentage distribution of the protein components served as a 
measure of the degree of variation for control animals. Electrophoretic 
patterns and analyses for a number of fractions are shown in Fig. 2. 

The electrophoretic patterns of goat serum consistently yield five dis¬ 
tinct components. The resolutions of the boundaries are superior to those 
encountered in the dog and rat. The fractions and subfractions of goat 
serum also yield patterns which are well resolved. 

Deutsch and Goodloe (4) have presented data for the mobility and 
percentage distribution of the protein components of a single goat plasma. 
Their data for mobilities of the descending limbs are corroborated by the 
result shown in Table I. The sera of the goats used in the present experi- 
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Fig. 2. Electrophoretic patterns and analyses of control goat serum and its 
fractions. 
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meats contained greater concentrations erf 7 -globulins and less albumin 
than those reported by the Wisconsin investigators. 

Fraction 11+III contains practically all the 7 - and /5-globulins in the 
serum as well as appreciable amounts of a-globulin and albumin. Sub¬ 
fractions 11-1,2 and II-3 can be obtained as electrophoretically pure 
7 -globulins. The mean values for the mobilities for 11-1,2 are 1.37 and 
1.5 X 10”® for descending and ascending boundaries, respectively; cor¬ 
responding values for II-3 are 1.69 and 2.0 X 10”®. For further proof of 
the presence of two distinct globulins, a mixture of equal amounts of II-l ,2 
and II-3, subjected to electrophoresis for 5 hours at a potential gradient 
of 6 volts, yielded two distinct components. These two components ap¬ 
pear to correspond to the 71 - and 72 -globulins described for human sera 
by Duetsch et al. (5). Subfraction III-l consists of 7 -, /?-, and aj-glob- 
ulins. Fraction III-3 is composed chiefly of 7 -globulins. Fraction 
III-O contains all of the albumin and an-globulin present in II+III and 
in addition is rich in a 2 - and / 3 -globulins. Fraction III -2 always yields 
solutions which are too turbid for electrophoresis. Fractions II-3 and 
11 - 1,2 could be lyophylized without affecting their solubilities in saline; 
fractions III-3 and III-2 become insoluble under the same treatment. 

Mobility values for the 7 -globulin in the subfractions of II+III are 
invariably greater (range 2.0 to 3.2 X 10”*) than those obtained for the 
electrophoretically pure II-3 and 11-1,2 components, which may be due 
to interaction between proteins. 

Fraction IV is obtained in small amounts and is rich in a t -globulin. By 
subfractionation, it is possible to concentrate the a 2 -globulin in IV-B and 
the albumin in IV-W, 1 . 

The main fractions IV-4 and IV-4,1 are composed chiefly of ai-globulin 
and albumin. Since they are obtained in small amounts, they are com¬ 
bined for subfractionation according to Diagram 3. An unusually high 
concentration of ai-globulin is present in IV-4A. Fraction IV-4B is com¬ 
posed chiefly of «i- and a s -globulins and IV-4C contains most of the albumin 
of the main fraction. If these three subfractions are allowed to stand at 
low temperatures, the ai-globulins become denatured and insoluble. 

Fraction V is composed chiefly of albumin. By subfractionation it is 
possible to obtain an electrophoretically pure albumin (V-3). Fraction 
V-l contains most of the ai-globulin, which is responsible for the marked 
turbidity when dissolved. Fraction V -2 contains a small amount of 
ai-globulin. 

Yields of major fractions and subfractions of control serum were deter¬ 
mined in terms of dry weight and as nitrogen. Fractions II+III and V 
are present in greatest amounts. The two pure 7 -globulins, II-l ,2 and 
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11-3, comprise a large part of fraction 1I+I1I. About one-half of the 
total albumin in fraction V could be obtained in pure form. 

Turpentine and Sulfur Mustard ,—Electrophoretic studies of the whole 
sera of goats treated with turpentine and sulfur mustard showed that the 


NORMAL MUSTARD 

T 



n+m 


NORMAL MUSTARD 



m-o 


NORMAL TURPENTINE 



TZ 


NORMAL 

Ck ' 


TURPENTINE 

<k 



EZ-B 


Fig. 3. Ascending electrophoretic patterns of fractions of sera from oontrol and 
injured goats. 


percentage distribution of various protein components is affected slightly 
after injury. The percentage of /3-globulin increases in fractions II+III 
and I1I-0 of turpentine and H-gassed goats, but this is not observed in 
H.nima.lH treated by cutaneous application of H. Increases are also seen in 
/3-globulin in fractions IV and IV-B; these differences can be seen in the 
electrophoretic patterns (Fig. 3). Daily analyses for the percentage 
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distributions and concentrations of proteins of whole sera in individual 
gassed goats are presented in Table II. The albumin decreases immedi- 

Tablb II 

Distributions and Protein Concentrations of Serum Proteins of Goat Exposed to 

Ct 71,000* 


Days after 
treatment 

Per cent distribution 

Gm. protein per 100 ml. serum 

Albumin 

«i 

art 

ft 

y 

Albumin 

ca 

at 

fi 

y 

0 

54 

5 

15 

4 

21 

3.7 

0.3 

1.0 

0.3 

1.4 

1 

42 

10 

13 

6 

28 

2.5 

0.6 

0.8 

0.4 

1.7 

2 

37 

13 

14 

10 

26 

2.1 

0.7 

0.8 

0.6 

1.5 

3 

42 

14 

12 

15 

17 

3.1 

1.0 

0.9 

1.1 

1.2 

5 

39 

14 

12 

14 

19 

2.9 

1.0 

0.9 

1.0 

1.4 

6 

40 

13 

11 

15 

20 

2.5 

0.8 

0.7 

0.9 

1.3 


♦The expression Ct represents the mg. of mustard (C) multiplied by the time in 
minutes (0 per cu.m. 


Table III 


Electrophoretic Analyses of Sera of Burned Goats 


Run No. 

Days after 
bum 

Per cent distribution* 


Gm. N per 100 ml. serum 


Albu¬ 

min 

ai 

as 


y 

Albu¬ 

min 

at 

as 

fi 

7 

1 

o 

46 

9 

11 

6 

27 

0.58 

0.11 

0.14 

0.08 

0.34 


1 

44 

12 

14 

6 

24 

0.46 

0.13 

0.15 

0.06 

0.25 


2 

36 

16 

15 

10 

23 

0.37 

0.16 

0.15 

0.10 

0.23 

2 

0 

30 

13 

9 

12 

36 

0.37 

0.16 

0.11 

0.15 

0.44 


1 

26 

13 

13 

14 

34 

0.26 

0.13 

0.13 

0.14 

0.34 


2 

23 

13 

11 

26 

27 

0.27 

0.15 

0.13 

0.30 

0.32 

3 

0 

46 

9 

13 

6 

26 

0.51 

0.10 

0.14 

0.07 

0.29 


1 

43 

11 

15 

7 

23 

0.43 

0.11 

0.15 

0.07 

0.23 


2 

38 

16 

16 

9 

21 

0.36 

0.15 

1 0.15 

0.09 

0.20 


3 

34 

19 

15 

11 

20 

0.32 

i 0.18 

0.14 

0.10 

0.19 

4 

0 

39 

12 

13 

8 

28 

0.44 

0.14 

0.15 

0.09 

0.32 


1 

39 

13 

14 

7 

26 

0.38 

0.13 

0.14 

0.07 

0.25 


i 2 

35 

17 

14 

9 

25 

0.34 

0.16 

0.14 

0.09 

0.24 


! 3 

33 

17 

16 

14 

20 

0.32 

0.17 

0.16 

0.10 

0.20 


♦ Ascending boundaries. 


ately and remains low; the a r and 0-globulins increase and remain eleva¬ 
ted during the period of observation. 

The yields of fractions in terms of dry weight and in nitrogen for a goat 
injured with turpentine indicate that this injury is responsible for an 
absolute increase in the amount of fraction II+III and a decrease in 
albumin. Subfraction III-O, which contains most of the 0-globulin of 
II+III, increased above the corresponding values for the control animal. 
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Thermal Injury —Electrophoretic analyses of the whole sera of severely 
burned goats show that the albumin and 7 -globulin decrease, while the 
a»i- and 0-globulins increase slightly (Table III). Nitrogen determinations 
indicate that the absolute amounts of albumin and 7 -globulin decrease in 
each of four burned goats. The 0 -globulin concentrations increased in 

Table IV 


Lipide Analyses in Serum Protein Fractions of Control Goat 


Fraction 

Total choles¬ 
terol C 

Free choles¬ 
terol C 

Phospholipide 

C 

Total lipide C 

Carbon of lipide 
constituents 
accounted for* 


gm. per cent 

gm. per cent 

gm. per cent 

gm. per cent 

per cent 

Serum 

0.78 

0.13 

0.60 

2.34 

76 

II+III 

0.86 

0.23 

0.43 

2.20 

79 

IV 

0.94 

0.11 

0.97 

3.05 

78 

IV-4f 

1.52 

0.18 

1.34 

4.35 

85 

V 

0.55 

0.06 

0.57 

1.70 

84 

n-1,2 

. 

0 

0 

0 

0.45 

0 

II-3 

0 

0 

0 

0.69 

0 

III-2 

2.47 

0.78 

1.41 

7.35 

67 

III-3 

0.64 

0.21 

0.53 

3.00 

48 

1V-W,1 

1.29 

0.16 

1.00 i 

2.88 

104 

IV-A 

2.62 

0.29 

2.37 

- 7.70 

83 

IV-B 

0.32 

0.04 

0.06 

0.48 

103 

IV-4A 

0.94 

0.10 

0.59 

2.07 

98 

IV-4B 

0.72 

0.08 

0.39 

1.38 

108 

IV-4C 

0.66 

0.10 

0.89 

1 

2.32 

81 

V-l 

2.33 

0.38 

1.87 

5.86 

92 

V-2 

0.23 

0.03 

0.60 

2.58 

38 

V-3 

0 

0 

0 

0.55 

14 


* Cholesterol -f phospholipidc + ester cholesterol fatty acid carbon (gm. per 
cent). 

t Includes 1V-4,1. 


only one goat and the concentration of ai-globulin nitrogen increased 
slightly in three of the four experiments. 

Sera obtained from goats 12 , 24, 48, and 72 hours after burning were 
fractionated. The percentage distribution of the proteins determined 
from the electrophoretic pattern showed no outstanding change. 

Lipide Analyses —The data for total lipide C, total and free cholesterol, 
and phospholipide for the serum, main fractions, and subfractions of 
control and injured goats are shown in Tables IV and V. The concentra- 
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mo¬ 
tions of the lipide constituents of goat serum fractions are low compared 
to those observed for similar fractions of dog serum. 

In the control serum (Table IV), fractions III-2 and IV-A have the 
highest total lipide C concentrations of 7.4 and 7.7 per cent respectively. 
The lowest values are observed for the two electrophoretically pure y- 
globulins, II-l ,2 and IT-3, and the a*-globulin-rich fraction IV-B and pure 


Table V 


Lipide Analyses of Sera and Fractions of Ooat at Varying Intervals after Burning 


Fraction 

After bum 

Total choles¬ 
terol C 

Free choles¬ 
terol C 

Phospholip- 

TotaHipide 

Carbon of lipide 
constituents 
accounted for* 


krs. 

f*». Per cent 

gin. per cent 

gm. per cent 

gm. per cent 

per cent 

Serum 

12 

0.64 

0.13 

0.02 

1.56 

74 

II+III 


0.97 

0.21 

0.04 

.1.39 

106 

IV 


1.35 

0.18 

0.82 

3.15 

91 

IV-4f 


0.75 

0.09 

0.34 

1.72 

87 

V 


0.14 

0.03 

0.05 

0.38 

68 

Serum 

24 

0.79 

0.15 

0.24 

2.07 

69 

II+III 


0.93 


0.24 

1.33 


IV 


3.00 


1.45 

4.64 


IV-4 


0.89 


2.13 

2.72 


V 


0.03 

i 

! 

0.20 

0.92 


Serum 

48 

0.69 


0.30 

2.24 


II+III 


1.15 

0.31 

0.10 

1.70 

104 

IV 


1.09 

0.22 

0.59 

2.87 

76 

IV-4 


1.48 

0.28 

1.21 

3.80 

80 

V 


0.14 

0.03 

0.12 

1.28 

24 

Serum 

72 

0.80 ! 

0.14 

0.37 

2.69 

59 

II+III 


1.36 | 


0.26 

2.22 


IV 


2.26 1 

0.32 

1.75 

5.34 

97 

IV-4 


0.88 | 

0.13 

0.67 

2.70 

75 

v i 

i 


0.04 | 


0.02 

0.42 



* Fractions IV-4 and V obtained by modified procedure, 
t Includes IV-4,1. 


albumin V-3. The percentage of free cholesterol is greatest in fraction 
II-fill and its subfractions, and the variations in concentration are 
roughly proportional to those of the total lipide C. The two pure y- 
globulins and albumin contain no cholesterol. The phospholipide con¬ 
centrations of the different fractions show large variations. The total 
lipide carbon can be accounted for as cholesterol and phospholipide in 
three of the fourteen fractions shown in Table IV. It is assumed that 
lipide unaccounted for is present as fatty acids or neutral fat. 

The lipide analyses of fractions obtained from the serum of goats treated 
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by cutaneous application of H indicate that no Outstanding changes occur 
in lipide distribution. 

Data for the lipide analyses of the main serum fractions of goats sacri¬ 
ficed at intervals of 12,24,48, and 72 hours after being burned are shown 
in Table V. The percentage concentration of total cholesterol of whole 
serum remains fairly constant. After the animal has been burned, the 
cholesterol content of fraction V decreases and the substance is present 
only in traces. 

The phospholipide concentrations of the whole sera are consistently 
lowered. The phospholipide values for all fractions are markedly de¬ 
creased 12 hours after injury; the values for fractions II+III and V re¬ 
mained depressed during the period of observation; results obtained for 
fractions IV and IV-4 are variable. The total lipide carbon concentrations 
of the whole sera remain fairly constant but differ considerably in the 
various fractions. Constant decreases are noted for fractions IV-4 and V 
after injury. 

Hexosamine —The hexosamine concentrations of many of the fractions 
of control and injured animals were determined but are not listed. The 
lowest value for a main fraction is 0.72 per cent for fraction V; the pure 
albumin (V-3) has a value of 0.16 per cent. The highest value of 2.9 per 
cent is obtained for fraction IV-4A, which is composed chiefly of <*i-glob- 
ulin. The remaining values vary between 1.1 and 2.0 per cent. A 
value of 2.8 per cent was obtained for a y-globulin-rich fraction (IV-4) 
in dog serum. 


DISCUSSION 

Severe injury in the goat causes relatively small changes in the distri¬ 
bution of the protein components of whole serum or its fractions and in 
lipide concentrations. This is in contrast to the marked changes noted for 
the protein and lipide distributions and concentrations in the sera of 
injured dogs. These differences between the response of the goat and dog 
to injury may reflect the differences in the lipide metabolism in herbivorous 
and carnivorous species. It may be postulated that lipides may be as¬ 
sociated with the synthesis of certain plasma proteins. From these ex¬ 
periments with the goat, it can be assumed that results obtained for the 
proteins of goat plasma cannot be applied to other species. 

SUMMARY 

New procedures are described for separating fractions IV, IV-4, and 
V and their subfractions from goat serum according to principles 
presented by Cohn and his associates. Modifications are necessary 
because of the unusual solubility of goat serum albumin. 
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Hie mobilities and percentage distribution of the main and subfractions 
of sera of control and injured (turpentine, bis(/3-chloroethyl)sulfide, and 
heat) goats are presented. Two 7 -globulins and albumin can be obtained 
in electrophoretically pure form. In addition, fractions extremely rich 
in «i- and ^-globulins can be isolated. Analyses for total and free choles¬ 
terol, phospholipide and total lipide carbon, and hexosamine are presented 
for the sera and fractions of control and injured goats. Only small changes 
are seen in the concentrations of these lipide components after injury. 

The authors are indebted to Margaret Gay, Paula S. Gjessing, Frances 
H. Haigh, Florence L. Jones, and Elizabeth A. Lentz for technical as¬ 
sistance. 
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A CELLULOLYTIC ENZYME PREPARATION FROM 
MYROTHECIUM VEKRUCARIA 
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Cellulolytic enzyme preparations active against various forms of cellulose 
have been reported by a number of investigators who have’used a variety 
of different sources (8). Fungi which have been employed for the prepa¬ 
ration of such extracts are Sporotrichum camis (15), Aspergillus oryzae 
(3,2), Merulius lachrymans (9), and Coniophora cerebella (7), while bacteria 
have included Bacterium protozoides (5), Bacterium bosporum (5), CeUvlo- 
baciUus myxogenes (14), CellulobaciUus mucosus (14), Plectridium cellulo- 
lyticum (10), several species of Cytophaga (1), and various thermophilic 
cellulose-decomposing bacteria (11). In addition, active cellulolytic 
extracts have been prepared from the intestinal juice of the snail Helix 
pomatia (6), from green malt (12), and from the protozoon Eudiplodinium 
negledum which was isolated from cattle rumen (4). Although the data 
presented by several of these investigators are certainly suggestive of true 
cellulolytic enzyme activity, nevertheless these workers in general have not 
conclusively established the cell-free nature of their preparations. This is 
of considerable importance in view of failure of other investigators to obtain 
cell-free cellulolytic enzymatic preparation from fungi. Questions were 
raised as to the possibility of bacterial or fungal contamination during the 
period (usually several days or more) of testing for cellulolytic activity. 

The present paper describes the preparation and some of the properties 
of a cell-free cellulolytic enzyme from Myrothecium verrucaria, which has 
been shown to be one of the most active of the cellulose-destroying fungi 
isolated from deteriorated fabrics (16). 


EXPERIMENTAL 

Preparation of Enzymatic Extract —300 gm. of filter paper (E and D No. 
615) were ground through a 40 mesh sieve in a Wiley null and autoclaved 
in a 5 gallon Pyrex bottle, to which were added 10 liters of a sterile mineral 
solution of the composition shown in Table I. After cooling, the flask was 
inoculated with 100 ml. of a spore suspension of Myrothecium verrucaria , 
United States Department of Agriculture No. 1334.2, containing about 


* Present address, School of Medicine, University of Southern California, Los An¬ 
geles, California. 
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80,000 spores per ml., from a 3 week culture of the fungus grown on filter 
paper. Sterile aeration was provided by passing the air through a water 
tower and a cotton filter at a rate of about 600 ml. per minute. At the 
same time, the bottle was shaken at a rate of about fifteen rotary cycles per 
minute in order to keep the ground filter paper in suspension. The entire 
8et-up was kept in a room maintained at 30°. After 10 days incubation the 
cellulose-mycelium mixture was filtered on a Buchner funnel, and the 
yellow filtrate containing the bulk of the cellulolytic activity was stored 
at 5° in the presence of toluene as an antiseptic. No appreciable loss of 
activity was observed over a period of several months. 

Testing Method for Cellulolytic Activity 

An index of cellulolytic activity of the different preparations was ob¬ 
tained by the amount of reducing substances formed from cellulose under 


Table I 

Composition of Mineral Solution 


KH.P04 

fm. 

0.20 

Fe,(S0<),-6H,0 

mg, 

0.054 

KjHPO* 

0.15 

(NH4)P(MoiOu), 

0.024 

NaHtPO.HjO 

2.00 

ZnS0 4 *7H s 0 

0.050 

NajHPOj 

1.50 

C11SO4-511*0 

0.0025 

NH4NO, 

0.60 

MnSO. 

0.0055 

NftNO, 

3.80 

H,BO, 

0.057 

MgSO«-7H,0 

0.30 

H,0 

ml. 

1000 


standard conditions. In the test, 5 ml. of the dialyzed test solution were 
added to 6 ml. of a 0.05 m phosphate buffer (pH 6.0) and 100 mg. of de¬ 
waxed cotton, which had been pulverized in a ball mill for 24 hours. 6 
drops of toluene were added as an antiseptic to the mixture in a 125 ml. 
Erlenmeyer flask. After incubation for 4 days at 30°, the mixture was 
filtered and the amount of reducing sugars in the filtrate was determined by 
titration (13). 

In order to insure that the action of the cellulolytic enzymes and not of 
contaminating microorganisms is determined by the method, aliquot 
samples of the enzyme solution were tested with and without sterilization 
by Berkefeld filtration, as well as with and without the addition of fungal 
spores to the test flasks. The results given in Table II clearly show that 
the conversion of cellulose into reducing sugars is not brought about by 
contaminating organisms. 

The percentage of cellulose breakdown, when cellophane and pulverized 
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filter paper and cotton were used as substrates, was also determined in 
several experiments by loss in weight of cellulose, and the values so ob¬ 
tained checked within 20 per cent with those obtained by titration, assum¬ 
ing glucose to be the product of the enzymatic hydrolysis. 

Properties of Enzyme Preparation 

Extracellular Nature —Experiments were conducted to determine whether 
the cellulolytic enzyme (or enzymes) was intra- or extracellular in nature. 


Table II 

Cell-Free Nature of Cellulolytic Preparations 


Treatment of enzyme preparation 

Spores added 

Toluene added 

Cellulose 

breakdown* 



ml. 

per cml 

Untreated 

0 

1.0 

11.8 


+ 

1.0 

12.8 

Berkefeld filter 

0 

0 

9.0 

i 

0 

1.0 

10.5 

Control 


0 

0 

1 

! 


1.0 

0 


* Calculated from the reducing sugar formed, assuming glucose to be the only 
sugar present. 


Table III 

Cellulolytic Activity of Metabolic Filtrate and Mycelial Extract of Myrothecium 

verrucaria 


Per cent cellulose breakdown 


Substrate 

Metabolic 

filtrate 

(e) 

Mycelial 

extract 

(A) 

Ground cellophane. 

28.0 

6.0 

Pulverized filter paper . 

8.0 

3.0 

Xylan . 

14.5 

6.0 



Myrothecium verrucaria was cultured for 5 days on ground filter paper in 
the manner described above. The metabolic mixture was filtered, giving a 
clear yellowish filtrate and a residue of mycelium and undigested cellulose. 
The residue was ground with sand in a volume of culture medium equiva¬ 
lent to the filtrate originally present. A third test solution was made 
through a combination of the first two. The three solutions were dialyzed 
against distilled water for 24 hours in cellophane tubing and tested for 
cellulolytic activity with different substrates. Results of the 5 day test 
are given in Table III. The figures obtained strongly suggest that the 
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cellulolytic activity is present in the filtrate and not in the mycelium. The 
low activity in the so called “mycelial extract” may be due to the filtrate 
absorbed by the residue of mycelium plus undigested cellulose. 

Temperature Stability and Optimum —In testing for heat stability, aliquot 
portions of the same preparation at pH 6.0 were kept for 10 minutes at 
different temperatures and then tested for activity. Results are given in 
Table IV, which indicate that 50° is the threshold value at which inactiva¬ 
tion begins. 


Table IV 


Heat Stability of Cellulolytic Preparation 


Temperature (10 min. standing) 

Cellulose breakdown 

•c. 

per cent 

22 

13.1 

30 

13.2 

40 

13.5 

50 

8.4 

60 

2.7 

70 

0.0 


Table V 


Temperature Optimum of Cellulolytic Preparation 


Incubating temperature 

Cellulose breakdown 

•c. 

per cent 

0 

4.7 

3 

6.2 

25 

13.9 

31 

13.9 

40 

16.0 

50 

4.2 


The optimum temperature for enzymatic action was studied by incu¬ 
bating the enzyme-buffer-pulverized filter paper mixture for 4 days and 
determining the percentage conversion of cellulose into reducing sugars. 
The results show an optimum around 40° (Table V). 

pH Stability and Optimum —The stability of the crude enzymatic solution 
was also studied. Different solutions were adjusted to their respective pH 
values with dilute hydrochloric acid and sodium hydroxide, allowed to 
stand for 48 hours, readjusted to pH 5.0, then assayed for cellulolytic 
activity in the usual manner. The results of the experiment, given in 
Table VI, show rapid inactivation beyond the limits of pH 5.0 and 9.0. 
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A aeries of 0.06 m phosphate buffers of pH 4.0, 6.0,6.0, and 7.0 was pre¬ 
pared to determine the pH at which the greatest rate of cellulolytic action 
takes place. Various enzymatic aliquot solutions were adjusted with 
phosphoric acid and sodium hydroxide to the same respective values. The 
cellulolytic activity at these various pH values was tested against the 
pulverized dewaxed cotton in the usual way. The results in Table VII 
indicate a pH optimum of 5.6. 


* Table VI 

Stability of Enzymatic Preparation at Different pH Values 


pH (48 hrs. standing) 


1.0 

3.0 

5.0 

7.0 

9.0 

11.0 

13.0 


Cellulose breakdown 


per cent 
0.0 
2.7 
8.5 
11.6 
8.4 
0.0 
0.0 


Table VII 


Optimum pH of Cellulolytic Etuymee 


pH 

CelluIOse breakdown 


per cent 

4.0 

8.5 

6.0 

14.3 

8.0 

14.2 

7.0 

6.9 


Concentration Cum—Dialyzed metabolic filtrate from Myrothedum 
verrucaria grown on ground filter paper was concentrated at 20 mm. 
mercury vacuum at a bath temperature of 40-50° for 6 hours to one- 
fiftieth of its original volume. Different dilutions of this concentrate were 
tested for their cellulolytic rates against pulverized filter paper. The 
results are plotted in Fig. 1. 

Product of Enzymatic Breakdown —250 ml. of the enzymatic preparation 
and 250 ml. of 0.05 m phosphate buffer, pH 5.0, were added to 5.0 gm. of 
pulverized dewaxed cotton. After the addition of 10 ml. of toluene as an 
antiseptic the stoppered Erlenmeyer flask was incubated for 14 days at 
30° with daily gentle shaking. Shaffer-Somogyi titration of the metabolic 
filtrate at the end of the incubation period showed a conversion of 22.9 per 
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oent of the cellulose into reducing sugars, calculated as glucose. 100 ml. 
of the filtrate, containing 250 mg. of glucose according to the titration, 
were concentrated in vacuo to 7 ml. The osazone was prepared with a 
yield of 215 mg., and after two recrystallizations from 50 per cent ethanol, 
melted at 201-203 0 . 1 A simultaneously prepared glucosazone showed a 
melting point of 200-202° with a mixed melting point of 197-201°. Cello- 
biosazone gave a value of 196-198° and a mixed melting point of 180-185°. 
These data clearly indicate that glucose is one of the main products from 
the enzymatic breakdown of cellulose. 



RELATIVE ENZYME CONCENTRATION 

Fig. 1 . Effect of enzyme concentration on rate of cellulolytio action 

SUMMARY 

A method has been described for the preparation of a cell-free enzymatic 
preparation from the fungus, Myrothecium verrucaria, capable of degrading 
cellulose. The cellulolytic enzyme (or enzymes) was extracellular, with 
an optimum temperature of 40° and an optimum pH of 5.5 when acting on 
cotton. It is rapidly inactivated at temperatures above 50° and at values 
beyond the limits of pH 5.0 and 9.0. The main breakdown product from 
cellulose was shown to be glucose. 
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THE UTILIZATION OF PROLINE DERIVATIVES BY MUTANT 
STRAINS OF ESCHERICHIA COLI* 
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(Received for publication, March 4,1948) 

It has been reported recently (1, 2) that phenylcdanineless, tyrosineless, 
and leucineless mutant strains of Escherichia coli may utilize, for growth, 
peptides of the appropriate amino acid. These peptides do not exhibit 
any greater growth-promoting action, however, than is shown by the parent 
amino acids. It was suggested, therefore, that, prior to utilization for 
growth, the peptides are hydrolyzed by the bacterial enzymes, thus liber¬ 
ating the amino acid required as a growth factor. In the present com¬ 
munication there are reported the results of a study of the utilization of 
peptides by two prolineless mutant strains of Escherichia coli. Of especial 
interest is the finding that, for one of these two strains, proline peptides 
are much more effective growth factors than is proline itself. 

The origin of the two proline-requiring mutants (strains 679-183 and 
679-662) has been described by Tatum (3). Both strains are double mu¬ 
tants of Escherichia coli strain K-12, and require threonine as well as proline. 
The present discussion will be limited to the proline requirement, and all 
tests were made in the presence of ample DL-threonine (0.5 mg. per 10 ml. 
of medium) to support optimal growth. 

As reported by Tatum (3), the mutants exhibit different requirements 
for proline; strain 679-183 grows only in the presence of proline, while 
strain 679-662 can use glutamic acid in place of proline. Neither strain 
can use ornithine, arginine, or hydroxyproline in lieu of proline (3). For 
convenience, strain 679-183 will be referred to here as strain I, the proline- 
requiring mutant, and strain 679-662 will be termed strain II, the proline- 
glutamic acid-requiring mutant. The availability of two such mutants 
has made it possible to compare the utilization of the same peptide by 
strains which differ in their growth requirements and, also, to compare the 
efficacy of peptides of proline or glutamic acid as growth factors for a single 
strain which grows in the presence of either amino add. 

The rate of growth of the two strains in a complete synthetic medium is 
quite different; in the presence of proline, the growth of strain I is consider¬ 
ably more rapid than that of strain II in the presence of proline or of glu- 

* These studio* were aided by grants from the Williams-Waterman Fund of the 
Research Corporation and from the Rockefeller Foundation. 

706 



706 


PBOL1NELESS MUTANTS OP E. COLI 


tamic acid. Essentially complete growth of strain 1 is obtained within 24 
hours at 30° or within 48 hours at 25°, while with strain II 64 hours are 
required for complete growth at 25®. 

Another difference between the two mutants lies in the stability of the 
mutations responsible for the proline requirement. Strain I is quite stable 
and may be cultured for 3 days at 30° without any detectable change in its 
proline requirement. Strain II, however, is relatively unstable and often 
loses its proline-glutamic acid requirement in 48 hours at 30° or in 72 hours 
at 25°. While the strain apparently regains the ability to synthesize pro¬ 
line and glutamic acid, it does not show any change in its requirement for 
threonine. 

Since it was desirable to compare the activity of proline peptides as 
growth factors for strains I and II, growth tests with both strains were 
conducted in colorimeter tubes incubated at 25° for a total of 64 hours, and 
the extent of growth was measured at 48 and 64 hours by density determi¬ 
nation with the Evelyn photoelectric colorimeter. Even under these con¬ 
ditions, however, strain II occasionally reverted to the prototroph. 
Therefore, at the same time that the density was measured, routine tests 
for such reversion were made by sterile transfer of a loopful of the bacterial 
suspension from the colorimeter tube to 10 ml. of minimal medium (con¬ 
taining threonine). Detectable growth in the minimal medium after 24 to 
36 hours incubation at 26° was taken as evidence for the loss of the mu¬ 
tation. When this occurred, the compound was retested until reliable 
data were obtained. 

In all other respects, the methods employed for the study of the growth- 
promoting activity and of the possible sparing action of test compounds, 
as well as for the determination of the quantity of active compounds re¬ 
quired to produce half maximal growth of the mutants, were similar to 
those described previously for the leucineless mutant of Escherichia colt (2). 
As before, the relative activity of a peptide or amino acid derivative as 
compared to that of the parent amino acid was calculated from growth 
curves obtained at the same time. 

Under the specified experimental conditions, the quantity of L-proline 
required by strain I for half maximal growth in 48 hours is 0.24 micromole 
per 10 ml. of medium and, at 64 hours, it is 0.23 micromole. Strain II 
required, for half maximal growth at 48 hours, 0.56 micromole of L-proline 
or 1.9 micromoles of L-glutamic acid. At 64 hours the requirement of strain 
II is 0.44 micromoles of L-proline or 0.44 micromole of L-glutamic acid. It 
may be seen from these values that, although the efficacy of proline and 
glutamic acid as growth factors for strain II is the same at the end of 64 
hours, the response to glutamic acid is very much less than is the response 
to proline when the two are compared at 48 hours. 
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It has been noted previously (4, 5) that some proline peptides readily 
undergo cyclization to form diketopiperazines. In testing such peptides 
for their utilization by the mutant strains of Escherichia colt, it was essential 
that solutions of the test substances be sterilized by filtration through a 
bacterial filter rather than by autoclaving. 

Response of Strain I to Proline Derivatives 

Proline Peptides —As shown in Table I, all of the di- and tripeptides 
tested with strain I under the conditions outlined above were found to be 

Table I 

Response of Strain I to Proline Peptides 

Unless otherwise noted, all proline peptides were tested by adding filter-sterilized 
solutions of the test compound to autoclaved media. 


Compound* 

A 

Quantity, per 10 ml., for ball maximal growth 

48 bra. 

64 hrs. 


micromoUs 

micromoles 

L-Proline (6). 

0.24 

0.23 

L-Prolylglycine (4, 7). 

0.12 

0.09 

L-Proline 4 glycine. 

0.24 of each 

0.23 of each 

L-Prolyl-L-leucine (4,7). 

0.18 

0.17 

L-Prolyl-L-glutamic acidf. 

0.10 

0.08 

L-Proline 4* L-glutamic acid. 

0.24 of each 

0.25 of each 

L-Prolyl-L-tyrosine (4, 7). 

0.12 

0.09 

Glycyl-L-proline (8). 

0.14 

0.115 

t . 

0.34 

0.39 

Glycyl-L-proline diketopiperazine (5)t. 

24 ( Ca .) 

17.3 

Glycyl-L-prolylglycinef. 

0.075 

0.07 

Di glycyl-L-proline (5). 

0.10 

0.06 


* The figures in parentheses refer to bibliographic reference numbers, 
t The synthesis of this compound is described in the text. 
t The solution of this substance was sterilized by autoclaving. 


more active than proline. This increased activity is observed at both the 
48 and 64 hour readings, as is noted in Table I, and is detectable within 24 
hours as well, although complete growth is not attained at this time. It 
may be added that the relative activity of L-prolyl-L-glutamic acid is exactly 
the same when the tests are conducted at 30° as that noted at 25°. 

The effect of autoclaving on the activity of proline peptides may be seen 
from the data given in Table I for glycyl-L-proline. Although glycyl-L- 
proline diketopiperazine is an active growth factor for strain I, it is about 
150 times less active than is a filter-sterilized solution of the free dipeptide. 
When the latter compound is autoclaved, it loses much of its activity and 
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this loss may be ascribed to the formation of the diketopiperazine during 
heating in the autoclave. It would appear that the diketopiperazine ring 
must be opened by the mutant before the cyclic compound can be used for 
growth. 

The high relative activity of all of the proline peptides for strain I cannot 
be due merely to the fact that they provide a source of amino nitrogen, or 
an amino acid other than proline. The data in Table I show that, when 
proline is supplemented with equimolar amounts of glycine or of L-glutamic 
acid, the effect on growth is no greater than that caused by L-proline alone. 
A reasonable explanation of the data seems to be that, in the case of strain 
I, the proline peptides can be utilized as such and may be incorporated into 
cellular proteins without prior hydrolysis to yield proline. 

The activity of proline peptides for strain I is not a general phenomenon 
for the biochemical mutants of Escherichia coli strain K-12. As will be 
shown in a later section of this paper, strain II does not exhibit the same 
growth response to proline peptides as that found for strain I. Further¬ 
more, tests with a tyrosindess strain (1) showed that L-prolyl-L-tyrosine is 
no more active for this strain than is L-tyrosine, and, in the case of a leucine - 
less mutant (2), L-prolyl-L-leucine is no more active than is L-leucine. 
However, when the prolineless strain 58-6317 (9), which requires proline 
and biotin but not threonine, was tested with L-proline, L-prolylglycine, l- 
prolyl-L-tyrosine, L-prolyl-L-glutamic acid, and L-proline supplemented 
with L-glutamic acid, the results were identical with those obtained with 
strain I. This may be taken as evidence to show that, although the Es¬ 
cherichia coli strains I and 58-6317 differ with respect to their requirements 
for biotin and threonine, the mutation responsible for the proline require¬ 
ment is the same in the two mutants. 

Other Proline Derivatives —In addition to the peptides listed above, a 
number of other compounds containing proline were tested for their effect 
on the growth of strain I. It will be noted from Table II that the relative 
activities of prolinamide, acetylproline, carbobenzoxyglycylproline, and 
carbobenzoxyprolylproline are similar to the data obtained for analogous 
derivatives of tyrosine, phenylalanine, and leucine when these were tested 
with the appropriate mutants (1, 2). It is of interest that prolinamide 
appears to undergo transformation when it is autoclaved in the minimal 
medium. The relatively high activity of such autoclaved preparations is 
in sharp contrast to the low activity of filter-sterilized solutions of this 
substance. It may be added that when prolinamide hydrochloride is 
autoclaved in water and the resultant solution is added to the autoclaved 
medium, it exhibits the same growth-promoting activity as does the filter- 
sterilized material. 

The behavior of acetyldehydrophenylalanyl-L-proline is also of special 
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Tablb II 

Response of Strain I to Derivatives of Proline 
Unless otherwise noted, the compounds were dissolved in the medium and steri¬ 
lised by autoclaving. 

In this table, — indicates that the compound was inactive at the specified time; 
4- indicates that the compound was active but did not give half maximal growth at 
the highest concentration used in the test. 



Quantity, per 10 
ml., for naif 





Compound* 

maximal growth 

quantity, per 10 
ml., used in 


Bamaifcs 




64 hit. 

testt 





48 bra. 

.... 




micro* 

moles 

micro* 

moles 

micromoles 




b-Proline 

0.24 

0.23 





L-Prolinamide • HC1 (6) 

9.8 

0.7 





“ t 

- 

4* 

19.9 [0.1] 




Acetyl-L-proline (10) 

- 

— 

19.1 

No sparing action 

Carbobenzoxy-L-prolyl-L-pro- 

+ 

+ 

14.6 [0.07] 




line (4) 

Carbobensoxyglyoyl-L-proline 

+ 

+ 

28.1 [0.18] 




(8) 

Acety ldehydropheny lalany 1 - 

4.3 

4.1 





L-proline (11) 

Acetyldehydrophenylalanyl - l - 

=b 

+ 

10.5 [0.05] 




prolinej 

Acetyl-L-phenylalanyl-L-proline 

± 

+ 

9.9 [O.O0J 




(ID 







Dehydrophenylalanyl-L-proline 

- 

- 

17.0 

No sparing action 

diketopiperazine (12) 

Hydroxy-L-proline (6) 



38.1 

n 

44 

44 

Olycylhydroxy-L-proline (9)J 

- ! 

- 

20.0 

a 

44 

44 

L-Arginine*HCl 

- 1 

— 

14.3 

44 

44 

44 

L-Ornithine*2HCl 

— 

— 

14.0 

<4 

44 

It 

L-Glutamic acid 

i _ 

— 

0.8 

44 

44 

It 

L-Glutamine (13) t 

| — 

— 

6.9 

44 

44 

44 

L-Glutamyl-L-glutamic acid (14) 

- 

- 

3.6 

44 

44 

44 

Glycyl-L-glutamic acid (15) 

— 

1 ~ 

16.1 

41 

44 

44 


* The figures in parentheses refer to bibliographic reference numbers, 
t The figures in brackets denote the amount of proline, in micromoles per 10 ml., 
which produces the growth obtained with the maximal quantity of test substance 
employed. 

t A filter-sterilized solution of this substance was added to the autoclaved me¬ 
dium. 


interest. When a filter-sterilized solution of this compound is used, the 
growth of strain I is extremely slow. However, when the compound is 
dissolved in the minimal medium and sterilized by autoclaving, it exhibits 
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a marked growth-promoting action. On the other hand, similarly auto¬ 
claved solutions of acetyl-L-phenylalanyl-L-proline have very slight ac¬ 
tivity and dehydrophenylalanyl-L-proline diketopiperazine is inactive. It 
appears likely that, in the process of autoclaving, acetyldehydrophenyl- 
alanylproline is hydrolyzed (16) to yield the corresponding ketoacylamino 
acid, phenylpyruvyl-L-proline, which might then be responsible for the 
observed activity. If this were so, strain I could either hydrolyze phenyl- 
pyruvylproline to give proline or aminate it to form phenylalanylproline. 
In this connection it may be noted that previous work (1) has shown that 
the phenylalanineless mutant could not utilize phenylpyruvylglycine in 
place of phenylalanine, and this observation was taken to indicate that this 
strain was unable either to hydrolyze or to aminate the ketoacylamino acid. 
An autoclaved solution of acetyldehydrophenylalanylproline, which was 
active for strain I, was inactive for the phenylalanineless strain. 

The other compounds listed in Table I showed no detectable effect on 
the growth of strain I under the experimental conditions employed. 

Response of Strain II to Derivatives of Proline and Glutamic Acid 

As is shown in Table III, although the addition of L-proline to the mini¬ 
mal medium produces a much faster initial growth of strain II than does 
the addition of L-glutamic acid, the activity of these two amino acids is 
exactly the same on a molar basis when growth is complete at 64 hours. 
An equimolar mixture of proline and glutamic acid does not give as rapid 
growth as does the equivalent amount of proline; 0.36 micromole of L-pro¬ 
line plus 0.36 micromole of L-glutamic acid is needed to produce half max¬ 
imal growth in 48 hours while only 0.66 micromole of L-proline is needed 
to produce the same effect. The mixture, however, gives much more rapid 
growth than an equivalent amount of L-glutamic acid; the quantity of l- 
glutamic acid required for half maximal growth in 48 hours is about 1.9 
micromoles. At 64 hours, the mixture has approximately the same ac¬ 
tivity as either of the amino acids alone. 

When proline and glutamic acid are supplied as the dipeptide L-prolyl- 
L-glutamic acid, the initial growth rate is very slow, and half maximal 
growth is not attained in 48 hours, even in the presence of 12.3 micromoles 
of the dipeptide. Rapid growth occurs in the period between 48 and 64 
hours, and at the time of the final reading the dipeptide is almost as active 
as a mixture of the constituent amino acids. It would appear, therefore, 
that the dipeptide is hydrolyzed before the proline and glutamic acid can 
be utilized for the growth of strain II. 

Other Proline Peptides —Unlike strain I, strain II utilizes peptides other 
than prolylghitamic acid very poorly. The compounds tested showed little 
or no activity in 48 hours and glycyl-L-proline and diglycyl-L-proline, 



Table III 

Response of Strain II to Derivatives of Proline and GltUamic Acid 
Unless otherwise noted, the compounds were dissolved in the medium and steri¬ 
lized by autoclaving. 

In this table, — indicates that the compound was inactive at the specified time; 
4* indicates that the compound was active but did not give half maximal growth at 
the highest concentration used in the test. 


Compound* 

Quantity, per 10 ml., for half 
maximal growth 

Maximal 
quantity, per 

10 ml., used in 
teat 

Remarks 


48 hre. 

64 hrs. 



micromoles 

micromoles 

micromoles 


L-Proline 

L-Glutamic acid 
L-Proline 4* L-glu- 

0.56 

1.9 (Co.) 
0.36 of each 

0.44 

0.44 

0.25 of each 



tamio acid 





L-Prolyl-L-glutamio 

4- 

0.31 

12.3 


acidt 





L'Prolinamide • HC11 

— 

— 

20.0 

No sparing action 

L-Prolylglycinet 

- 

4* 

17.4 [0.09JJ 

L-Prolyl-L-leucinef 


22 (Co.) 

22.0 


L-Prolyl-L-ty rosine t 

— 

4* 

10.8 [0.2)1 


Glycyl-L-prolinef 


10 (Co.) 

17.4 


Glycyl-L-proline di- 

- 

- 

19.5 

No sparing action 

ketopiperazine 





Diglycyl-L-prolinet 

L-Glutaminef 

4- 

0.76 

9 (Co.) 

0.57 

19.4 


L-Isoglutamine (14) 

db 

20.5 ( Ca .) 

20.5 


L-Glutamyl-L-glu- 

0.95 

0.35 

• 


tamic acid 





L-Glutamyl-L-phen- 

=h 

0.70 

10.3 


ylalanine (1) 





L-Glutamyl-L-tyro- 

4* 

0.75 

10.3 


sine (17) 





Glycyl-L-glutamic 

9.5 

0.57 



acid 


i 



Glycyl-L-glutamic 
acid diketopiper- 

— 

4" 

26.9 [0.08]( 


azine (18) 





Glycyl-L-glutamyl- 

- 

+ 

8.2 [0.2]fi 


L-tyrosine (19) 



i 


Acetyl-L-glutamic 

— 

l *~ 

26.5 

No sparing action 

acid (20) 



i 


L-Arginine'HCl 

— 

— 

14.3 

<< « «« 

L-Ornithine • 2HC1 

— 

— 

14.7 

«i a « 


* The figures in parentheses refer to bibliographic reference numbers. 
fA filter-sterilised solution of this substance was added to the autoclaved 
medium. 

The figures in brackets denote the amount of proline ($) and the amount of glu¬ 
tamic acid ($), in micromoles per 10 ml., which produce the growth obtained with 
the maximal quantity of test substance employed. 
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which exhibit the highest activity, are only about 5 per cent as active as 
L-proline at the time of the final reading. 

The response of strain II to proline peptides is unexpected in view of 
earlier experiments which showed that peptides have growth-promoting 
properties which compare favorably with those of the parent amino acids 
for the phenylalanineless , tyrosineless, and leucineless mutant strains of 
Escherichia coli. As will be shown below, strain II is able to use peptides 
of glutamic acid without difficulty and it is probable, therefore, that the 
ready utilization of L-prolyl-L-glutamic acid by this strain should be as¬ 
cribed to the presence of a glutamic acid residue in the peptide. The 
slight response of strain II to other proline peptides suggests that the mu¬ 
tation responsible for the proline-glutamic acid requirement may have 
altered in some way the ability of Escherichia coli to utilize peptides of 
proline. 

Glutamic Add Derivatives —The data in Table III show that L-glutamine 
is superior to L-glutamic acid as a growth factor when the two are compared 
at 48 hours, but is slightly less active than the free amino acid at 64 hours. 
On the other hand, L-isoglutamine exhibits only slight activity, suggesting 
that the hydrolysis of the a-amide linkage is a prerequisite for the utili¬ 
zation of this substance. The low activity of isoglutamine is similar to 
that of the amides of the amino acids required by the mutants studied 
previously (1, 2). 

L-Glutamyl-L-glutamic acid proved to be the most active of the glutamic 
acid peptides investigated. On an equimolar basis, it is twice as active as 
L-glutamic acid at 48 hours but, at 64 hours, it shows only about 80 per 
cent of the activity of glutamic acid. The latter relationship was also 
found to exist between L-tyrosyl-L-tyrosine and L-tyrosine when these were 
tested with the tyrosineless mutant (1). 

The difficulty with which strain II utilizes proline peptides is brought 
out by a comparison of the activity of L-glutamyl-L-glutamic acid and of 
L-prolyl-L-glutamic acid. The mutant gives half maximal growth in 48 
hours with 0.96 micromole of glutamylglutamic acid but half maximal 
growth does not occur in the presence of as much as 12.3 micromoles of 
prolylglutamic acid. If one assumes that both dipeptides must be hy¬ 
drolyzed by the mutant prior to utilization for growth, and in view of the 
greater growth-promoting activity of proline as compared with glutamic 
acid, the presence of a proline residue in a peptide clearly reduces the rate 
at which strain II can hydrolyze the peptide. 

The other peptides of glutamic acid which were tested, with the ex¬ 
ception of glycyl-L-glutamic acid, showed little growth-promoting action 
during the finst 48 hours. At 64 hours, however, all showed some activity, 
and the final values were similar to those found for the phenylalanine, 
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tyrosine, and leucine series in that the dipeptides are very active and the 
longer peptides less active. The data in Table III thus offer further evi¬ 
dence for the view that, in general, peptides are hydrolyzed by the bacterial 
enzymes before the constituent amino acids are utilized as growth factors. 
On the other hand, the response of strain I to proline peptides suggests 
that such hydrolysis may not be an obligatory step. The activity of pro¬ 
line peptides for strain I may be compared to that of strepogenin for certain 
hemolytic streptococci and for ^Lactobacillus casei (21-23). 

The relationship between glutamic acid and proline which is seen for 
strain II has already been established for the rat (24, 25) and for Pent- 
dllium notatum (26). Since strain II behaves like analogous mutant strains 
of Penicillium (26) and does not grow on ornithine (Table III), which is a 
postulated intermediate in the conversion of proline to glutamic acid in the 
rat (27), the apparent formation of glutamic acid from proline in Escherichia 
coli appears to resemble that suggested for Penicillium . However, Es¬ 
cherichia coli seems to differ somewhat from Penicillium with respect to the 
proline-glutamic acid relationship, since ornithine exerts a sparing action 
on the utilization of glutamic acid by appropriate mutant strains of Peni - 
cillium but not by strain II. 

Synthesis of Test Compounds 

With the exception of two proline peptides, all the derivatives of proline 
or of glutamic acid used as test substances have been described previously. 

h-Prolyl-h-glutamic Add —To a solution of 3 gm. of L-glutamic acid in 
20 ml. of 2 n NaOH, there were added, in small portions, an ethereal so¬ 
lution of carbobenzoxy-L-prolyl chloride (prepared from 2.3 gm. of L-pro- 
line by the method described in (4)) and 10 ml. of 2 n NaOH. The re¬ 
action mixture was shaken and chilled. At the end of the reaction, the 
solution was acidified with concentrated hydrochloric acid to yield a sirup 
which crystallized readily. This product (carbobenzoxy-L-prolyl-L-glu- 
tamic acid) was washed carefully with water and dried over phosphorus 
pentoxide (yield 3.2 gm.). 0.8 gm. of the carbobenzoxy compound was 
subjected to catalytic hydrogenation in the presence of palladium black. 
After carbon dioxide evolution had ceased, the catalyst was removed by 
filtration and the filtrate was evaporated to dryness. The resulting peptide 
was recrystallized from alcohol-water and dried at 100° in vacuo over phos¬ 
phorus pentoxide. 

CsHieOfiNs. Calculated. C 49.2, H 0.6, N 11.5 
244.2 Found. “ 49.1, “ 6.7, “ 11.5 

MS - -49.0° (2% in water) 

Qlycyl-h~prolylglydne —To a solution of 0.86 gm. of n-prolylglycine (4, 7) 
in 5 ml. of n NaOH, there were added, in several portions, 1.4 gm. of carbo- 
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benzoxyglycyl chloride and 5.2 ml. of n NaOH. The reaction mixture was 
shaken and chilled. At the end of the reaction, the solution was acidified 
with concentrated hydrochloric acid to yield a sirup which was extracted 
with ethyl acetate. The ethyl acetate layer was dried over Na*S0 4 and 
evaporated in vacuo to give crystalline carbobenzoxyglycyl-L-prolylglycine. 
Yield 0.95 gm., m.p. 136-137°. This material contained 11.4 per cent N 
(theory for CnHaiOsN*, 11.6). On hydrogenation of 0.45 gm. of the carbo- 
benzoxytripeptide in the usual manner, there was obtained 0.26 gm. of the 
free peptide. When dried in air, the substance forms a dihydrate. For 
analysis, it was dried at 100° in vacuo over phosphorus pentoxide. 

C 9 H 16 0 4 N,. Calculated. C 47.2, H 6.6, N 18.3 
229.2 Found. “ 47.2, “ 6.6, “ 18.2 

[«15 - -109.2° (2% in water) 

The authors are indebted to Dr. E. L. Tatum for valuable advice in the 
course of this investigation. 


SUMMARY 

A mutant strain of Escherichia cqU which requires an exogenous source 
of proline (strain I) and another mutant strain which requires an exogenous 
source of proline or of glutamic acid (strain II) have been studied with 
respect to their ability to utilize derivatives of these amino acids. Strain 
I was found to utilize peptides of proline much more effectively than pro¬ 
line. This is the first instance of a biochemical mutant strain of Escheri¬ 
chia coli which grows better in the presence of peptides of an essential amino 
acid than in the presence of the free amino acid. Although strain II grows 
more rapidly in the presence of proline than with glutamic acid, it utilizes 
proline peptides much less readily than glutamic acid peptides, and neither 
proline peptides nor glutamic acid peptides are more active as growth 
factors than the parent amino acids. 
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UTILIZATION OF SULFUR-CONTAINING AMINO ACIDS BY 
MUTANT STRAINS OF ESCHERICHIA COLI* 

Bt SOFIA SIMMONDS 

(From the Department of Botany and Microbiology, Yale Unicereity, New Haven) 
(Received for publication, March 10,1948) 

The production (1) of two double mutants of Escherichia ccili which 
require for growth an exogenous source of a sulfur-containing amino acid 
and biotin has been described recently by Tatum (2). One strain, No. 
58-161, was classified as a methionineless mutant, and the other, No. 
58-309, as a cystineless mutant. 

In the present communication, there are presented the results of a 
further investigation of the utilization of sulfur-containing amino adds 
by these two mutant strains. The experimental methods used were similar 
to those described earlier (3). In all tests, the culture media contained 
sufficient biotin (0.01 y per 10 ml.) to satisfy the requirement for that 
compound. Growth curves were obtained for all compounds which were 
active as growth factors, and compounds which would not replace methi¬ 
onine or cystine were tested for possible sparing action of the requirements 
for those amino acids. 

Methioninele88 Mutant —The data on the utilization of a number of 
sulfur-containing compounds by strain 58-161 are given in Table I. It 
can be seen that the mutant grew in the presence of either l- or D-methi- 
onine. The quantity of each isomer necessary for the production of half 
maximal growth was the same, and the growth curves for the two forms 
were identical from the origin to the region of half maximal growth. At 
levels above that necessary for half maximal growth, D-methionine became 
progressively less effective than L-methionine, and, in this region, the 
growth curve for n-methionine rose less steeply than that for L-methionine. 
However, the maximal values of the two curves were the same. 

Methionine could be replaced as a growth factor by DL-homocystine, 
DL-homocysteine, L-cystathionine, and D-allocystathionine. The other 
isomers of cystathionine had only a trace of activity. NaiS and NaiStOt 
were completely inactive. 

Homocystine, as well as autoclaved preparations of homocysteine, 
showed much less activity than preparations of homocysteine sterilized by 
filtration under nitrogen. Since formation of homocystine from homo¬ 
cysteine undoubtedly occurs during the 24 hour incubation period used in 

* These studies were aided by a grant from the Williama-Waterman Fund of the 
R e s ear ch Corporation. 
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the tests, the value for the quantity of filter-sterilized homocysteine neces¬ 
sary for half maximal growth probably is too high. 

Cystindesa Mutant —As shown in Table II, cystine was the only com¬ 
pound capable of producing growth of strain 58-309. However, the cystine 

Table I 

Effect of Sulfur-Containing Amino Acids on Growth of Methionineless Mutant 

All cultures were incubated at 30° for 24 hours, and growth was measured by 
density determinations with the Evelyn photoelectric colorimeter. Total volume of 
medium for each test, 10 ml. Unless otherwise noted, compounds were added to 
the minimal medium prior to sterilization by autoclaving. 


Compound 

Quantity, per 10 
ml., {or half 
maximal growth 

Remarks 


micromoles 


L-Methionine*. 

0.071 


n-Methionine*. 

0.084 

At higher concentrations d- 
methionine is less active than 
L-methionine 

DL-Methioninef. 

0.071 


DL-Homocystinet. 

0.91 

No increase in activity on addi¬ 
tion of choline 

DL-HomocysteineS. 

1.82 


“ (filter-sterilized).. 

0.84 


L- Cystathionine}. 

0.065 


D-CystathionineJ. 

>9 


Xi-AlloeystathionineS. 

>9 


n-AllocystathionineJ. 

0.060 


L-Cystinef. 


No activity or sparing action; 
largest quantity tested, 42 
micromoles 

NftiSiOrfiHiO. 


No activity or sparing action; 
largest quantity tested, 40 
micromoles 


* Kindly supplied by Dr. J. 8. Fruton. 
t Eastman Kodak Company preparation. 
t Prepared by the method described in (4). 

t Kindly supplied by Dr. V. du Vigneaud. The L-cyst&thionine contained 0.53 
per cent homocystine. The D-cystathionine contained 1 per cent homocystine. 
The if and D-allocystathionines contained less than 1 per cent homocystine. For 
the configuration of the isomers see (5). 

requirement was spared to some extent by L-methionine, DL-homocystine, 
DL-homocysteine, and L-cystathionine. ’ 

Maximal growth was not obtained when an excess of L-methionine (20 
micromoles per 10 ml.) was added to an amount of cystine (0.1 micromole 
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Table II 

Effect of Sulfur-Containing Amino Adds on Growth of Cystineless Mutant 
All cultures were incubated at 30° for 24 hours. Unless otherwise noted, com¬ 
pounds were added to the minimal medium prior to sterilization by autoclaving. 
The figures in brackets denote the highest quantity of compound, in micromoles per 
10 ml., used in the test. 


Compound v 

■ 

Activity in lieu of Cystine'S 

Sptrinf Action on 
cystine requirement, 
tested in presence 
of 0.1 micromole 
of L-cystine 

L-Cystine . 

+* 


L-Methionine . 

-[13.41 

+ [201 

D-Methionine. 

-[13.4] 

±[10] 

DL-Methionine . 

-[20.11 

+ [13.41 

DL-Homocystine. 

-[7.41 

+ [7.41t 

“ + choline chloride. 

— [7.4 of each] 


fs + DL-serine. 

— [7.4 of each) 


DL-Homocysteine (filter-sterilized). 

- [7.41 

+ U4.8J 

L-Cystathionine . 

- [4.51 

+ 14.51 

D-Cystathionine. 

-[4.51 

-[4.51 

L-Allocystathionine . 

-[4.5] 

-14.51 

d - Allocystathioni ne . 

-[4.5] 

-[4.51 

Na,S a O»-5H,0 . 

-[4.0] 

-[4.01 


* The quantity of L-cystine required for half maximal growth was 0.13 micromole' 
per 10 ml. 

t At levels of 0.02 to 1.1 micromoles per 10 ml., DL-homocystine inhibits the growth 
of the mutant in the presence of 0.1 micromole of cystine. 

Table III 

Sparing Action of h-Methionine on Cystine Requirement of Cystineless Mutant 

All cultures were incubated at 30° for 24 hours. Maximal growth of this mutant 
is produced by approximately 1.5 micromoles of L-cystine per 10 ml. of medium. 
The extent of growth is given in terms of galvanometer deflections on the Evelyn 
colorimeter. The galvanometer deflection at maximal growth is 61. 


L-Methionine 
added per 10 ml. 

L-Cystine present, in micromole per 10 ml. 

0 

0.0417 

0.104 

0.208 

0.417 

micromola 






0 

100 

88 

84 

78 

72 

0.067 

100 

84 

81.5 

77 

71.5 

0.201 

100 


78 

70.5 

66.2 

0.67 

100 

83,5 

77.5 

70.5 

64 

2.01 

100 


75.5 

60.5 

62.5 

6.7 

100 

80 

75.5 

69 

61 

20.1 

100 

80 

73.5 
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per 10 ml.) sufficient for approximately half maximal growth. It was 
necessary to have present about 0.4 micromole of cystine in order to produce 
maximal growth on the addition of excess methionine (Table III). 

The sparing action of L-cystathionine and of filter-sterilized preparations 
of homocysteine was somewhat less than that of methionine. DL-Homo- 
cystine was found to exert an inhibitory effect on growth when it was used 
at levels of 0.02 to 1.1 micromoles per 10 ml., but, at levels above 2.2 
micromoles per 10 ml., it spared the requirement for cystine. Autoclaved 
preparations of homocysteine gave results similar to those obtained with 
homocystine, although inhibition was never observed when filter-sterilized 
solutions of homocysteine were used. 

DISCUSSION 

From the data obtained with the methionineless mutant; it would appear 
that the biosynthesis of methionine in Escherichia coli K-12 occurs by the 
series of reactions proposed by Horowitz (6) for Neurospora crassa. 

—♦ L-Cystine —> L-cystathionine -* L-homocysteine -♦ L-methionine 

The data of Lampen el al. (7) for several methionineless strains of E. coli 15 
also may be interpreted as evidence for this transformation. If it is as¬ 
sumed that the metabolism of methionine and cystine in mutant and wild 
type strains of E. coli K-12 is identical, except for a single gene-controlled 
reaction which is lacking in the mutant (8), the mutation by which strain 
58-161 was produced caused the loss of an enzyme system necessary for the 
conversion of L-cystine to L-cystathionine. 

It is of interest that the methionineless mutant of Escherichia coli K-12 
utilized D-allocystathionine as efficiently as L-cystathionine. Both these 
compounds can give rise to L-homocysteine by cleavage between the sulfur 
atom and the 3-carbon chain. Presumably, L-cystathionine is the natural 
intermediate in the biosynthesis of methionine from cystine in micro¬ 
organisms, and its production by an appropriate mutant strain of Neuro¬ 
spora has been demonstrated (6). However, while the methionineless 
mutant of Escherichia coli K-12 could use both L-cystathionine and D-allo- 
cystathionine in place of methionine, appropriate mutant strains of Neuro¬ 
spora could use only L-cystathionine (6). 

In the rat, for which methionine is an essential constituent of the diet (9), 
L-cystathionine is believed to be an intermediate in the biosynthesis of 
cysteine from homocysteine. L-Cystathionine is cleaved by rat liver 
preparations to yield L-cysteine (10). Rat liver also is capable of splitting 
D-allocystathionine to D-cysteine (11), but this cleavage would be of little 
value in the synthesis of cystine in vivo since the d isomer is not utilized 
by the rat for growth (12). It has been found, also, that rat liver prepara- 
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tions can make D-homocysteine from L-allocystathionine (11) and that 
L-allocystathionine serves as a dietary source of homocystine (5). Thus, 
the utilization of L-allocystathionine as a precursor of methionine by the 
rat appears to be analogous to the utilization of L-cystathionine and o-allo- 
cystathionine as precursors of methionine by the methionineUss mutant of 
Escherichia coli. 

The cleavage of any of the isomers of cystathionine to yield cysteine 
would not be detectable with the methionineless mutant. However, such a 
cleavage seems unlikely in view of the inactivity of these compounds for the 
cystindess mutant. 

. The cystinele88 mutant, No. 58-309, is the first mutant strain of a micro¬ 
organism which has been observed to require cystine and to be unable to 
satisfy that requirement with methionine, homocysteine, or L-cystathionine 
(6, 7). 1 The mutant strains of Escherichia coli 15, which grow in the 
presence of cystine or methionine, seem to be able to make cystine from 
exogenous methionine as well as methionine from exogenous cystine (7). 
Strain 58-309, a mutant of E. coli K-12, probably makes methionine from 
exogenous cystine although it is not able to carry out the reverse transfor¬ 
mation. Therefore, if the metabolism of cystine and methionine in the 
E. coli strains 15 and K-12 is the same, it would appear that the formation 
of cystine from methionine follows a metabolic pathway different from that 
used in the conversion of cystine to methionine. 

The author wishes to express appreciation to Dr. E. L. Tatum for his 
valuable advice in the course of these investigations. 

SUMMARY 

A methionineless mutant of Escherichia coli strain K-12 has been found 
to grow in the presence of l- and D-methionine, DL-homocystine, DL-homo- 
cysteine, L-cystathionine, and D-allocystathionine. 

A cystineless mutant of Escherichia coli strain K-12 has been found to 
grow only in the presence of L-cystine, L-methionine, DL-homocystine, 
DL-homocysteine, and L-cystathionine showed a sparing action on the 
cystine requirement of this mutant. 
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OXIDATION OF HYDROXY-l-PROLINE BY PERIODATE 

By HERBERT E. CARTER and Y. H. LOO* 

C From the Division of Biochemistry , Noyes Laboratory of Chemistry , University of 

Illinois , Urbana) 

(Received for publication, March 25,1948) 

Some time ago Carter and Neville reported (1) that hydroxy-L-proline 
yields formaldehyde on oxidation with periodate. In another laboratory, 
this oxidation was found to produce a considerably lower yield of formalde¬ 
hyde than we had obtained. 1 A further study of this reaction was accord¬ 
ingly undertaken. Oxidation of several new samples of hydroxy-L-proline 
gave lower yields of formaldehyde than those previously obtained. To 
eliminate interference by possible contaminants, hydroxy-L-proline was 
purified through the 0,N-dibenzoyl derivative. This substance (not pre¬ 
viously described) is a very satisfactory derivative for the purification and 
identification of hydroxy-L-proline. Under the proper conditions, the 
sodium salt precipitates from the benzoylation mixture in good yields. 
The free acid is readily purified and reconverted to hydroxy-L-proline. 
Material purified in this way was oxidized with varying quantities of perio¬ 
date according to the procedure of Shinn and Nicolet (2). The results 
clearly indicate that the amount of formaldehyde formed depends critically 
on the molar ratio of periodate to amino acid. With a ratio of 5 moles of 
periodate to 1 of amino acid, an insignificant amount of formaldehyde was 
formed, while proportions of 10:1 and 20:1 of the reactants gave 0.15 and 
0.24 moles of formaldehyde, respectively. These variations were reflected 
by corresponding differences in the rate of oxidation of hydroxy-L-proline 
as measured by the rate of periodate consumption and the changes in op¬ 
tical activity of the solutions (see Tables I, II, III). These data show that 
the yield of formaldehyde is much less than that previously reported by us 
and that hydroxy-L-proline is not likely to interfere with the determina¬ 
tion of serine by the methods of Nicolet and Shinn (3) and of Rees (4). In 
these procedures, the excess of periodate is not sufficient to produce an 
appreciable amount of formaldehyde from hydroxyproline, as is shown 
by the observation of Rees (4) that essentially equivalent amounts of 
volatile aldehyde and ammonia are produced in the oxidation of gelatin 
hydrolysates by periodate. 

No attempt has been made to describe the exact course of the oxidation 

* Postdoctorate research assistant in Chemistry. 

1 The authors wish to express their appreciation to Dr. A. C. Chibnall for informing 
them of these results. 
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of hydroxy-L-proline by periodate. However, the available data show 
that, once the pyrrolidine ring is ruptured, extensive further oxidation oc¬ 
curs. The optical rotation data indicate that unchanged hydroxy-L-proline 
is present even after 3 moles of periodate have been consumed. Con¬ 
densation of formaldehyde with unchanged amino acid or with other 
degradation products may account for the low yield of dimedon deriva¬ 
tive obtained in these studies. 

It should be noted that dimedon is readily oxidized by periodate, con¬ 
suming 3 moles of periodate in 4 hours under the conditions usually em¬ 
ployed in the isolation of the formaldehyde dimedon derivative. In 
calculating the amount of reagent required for condensation with formal¬ 
dehyde, the amount of excess periodate present in the reaction mixture 
must be taken into account. 


EXPERIMENTAL 

Preparation of 0 , N-Dibemoylkydroxy-h-proline —When hydroxypro- 
line is benzoylated in 0.5 n sodium hydroxide, according to the method of 
Carter and Stevens (5), a low yield of a crystalline solid, the sodium salt 
of the 0,N-dibenzoyl derivative, separates from the reaction mixture. 
By continuing the benzoylation in a weakly alkaline medium, as recom¬ 
mended by Sorensen and Andersen for the preparation of dibenzoylserine 
(6), a nearly quantitative yield of the sodium salt is obtained. 

In a typical experiment, 4.76 gm. of hydroxyproline were dissolved in 
45.0 ml. of cold 20 per cent sodium hydroxide. To this solution were 
added 20 ml. of benzoyl chloride (4 molar equivalents) in 5 ml. portions. 
The mixture was kept in an ice bath and shaken vigorously at frequent 
intervals. During the reaction of the last 10 ml. of benzoyl chloride over a 
period of 4 to 5 hours, the pH was maintained at 8 to 9 by the addition of 
20 per cent sodium hydroxide. After all of the reagent had disappeared, 
the precipitate was collected, washed twice with small volumes of cold 
water, dried, and triturated with hot petroleum ether. The white crystal¬ 
line solid, weighing 12.99 gm. and melting with decomposition at 247- 
248°, was dissolved in 100 ml. of hot water. On the addition of 5 ml. of 
concentrated hydrochloric acid, an oil separated and crystallized on stand¬ 
ing in an ice bath for several hours. The solid was filtered off, washed 
thoroughly with cold water, and dried, giving 9.83 gm. (80 per cent yield) 
of crude product. Recrystallization of this material from ether gave a 
product melting sharply at 120.5-121.5°. 

C, 9 HitO*N (339.34), Calculated. C 67.26, H 5.06, N 4.13 
Found. “ 67.46, " 4.85, “ 4.16 
[«]£ * —160° (0.49% solution in methanol) 

Neutral equivalent, calculated 339, found 333. Saponification equiv¬ 
alent (O-bensoyl group), calculated 339, found 341. 
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The sodium salt of dibenzoylhydroxy-L-proline dissolves readily in water, 
although it is only slightly soluble in the benzoylation mixture. The free 
acid is slightly soluble in cold water or petroleum ether, somewhat soluble 
in ether and methylcydohexane, and very soluble in alcohol, acetone, and 
benzene. 

Regeneration of Hydroxy-L-proline —6 gm. of dibenzoylhydroxy-L- 
proline were refluxed with 60 ml. of 10 per cent hydrochloric acid for 10 
hours. The mixture was cooled and filtered. Benzoic acid was removed 
from the filtrate by extraction with ether, and hydrochloric acid by re¬ 
peated concentration in vacuo . The residue was dried in vacuo over pellets 
of potassium hydroxide, dissolved in 10 ml. of water, and passed over a 
column of Amberlite IR-4. The eluate was concentrated in vacuo to a 
small volume and ethanol added to 90 to 95 per cent concentration, precip- 


Table I 

Oxidation of Hydroxy proline with Sodium Metaperiodate 


Time 

J Periodate consumed per mole hydroxy-L-proline 

hn. 

! molts 

0.0 

! 0.0 

0.5 

| 0.53 

1.0 

j 0.96 

2.0 

1.58 

4.0 

j - 2.39 

17.5 

! 3.59 


itating 1.87 gm. of hydroxy-L-proline (80 per cent yield). An analytically 
pure sample was obtained by recrystallization from 90 per cent methanol. 

C|HaO*N (131.13). Calculated. C 45.80, H 6.92, N 10.69 
Found. 44 45.94, 14 6.74, 14 10.63 
[ois -77° (0.324% solution in water) 

Oxidation of Hydroxyproline by Periodate —Tlie results of Carter and 
Neville (1) on the rate of oxidation of hydroxyproline by sodium meta¬ 
periodate were reproduced. Table I shows the course of the reaction of 
30 mg. of hydroxy-L-proline in 100 ml. of 0.01 m sodium metaperiodate (7). 

Effect of Periodate Concentration on Rate of Oxidation —Hydroxy-L- 
proline (12 to 13 mg.) was oxidized in 125 ml. flasks with varying amounts 
of paraperiodic acid in the presence of bicarbonate buffer and arsenite 
(2,3) at 30°. In one series, the periodate consumption was determined (7). 
Water blanks containing arsenite and varying amounts of periodate were 
also titrated. In another series, the reaction mixture was acidified to 
methyl red with glaoial acetic acid, 30 to 40 ml. of a 0.4 per cent dimedon 
solution were added, and after 24 hours the formaldehyde derivative, 
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melting at 189-190°, was filtered off, dried, and weighed. The results 
are summarised in Table II. 


Table II 

Effect of Periodate Concentration on Rate of Oxidation and Formation of Formaldehyde 

from Hydroxy-h’proline 


Weight of hy¬ 
droxyproline 

Molar ratio of 
periodate to 
hydroxyproline 

Periodate con¬ 
sumed per mole 
hydroxyproline 

Formaldehyde-dimedon derivative 

Period of 
oxidation 

1 Weight 

Yield 

mt. 


moles in 1 hr. 

Mrs. 

mg. 

per cent 

12.96 

5:1 


1 

0.5 

1.7 

10.48 

5:1 


24 

0.7 

3.0 

12.96 

10:1 


1 

4.4 

15.2* 

16.2 

10:1 | 

■ 

1 

24 

9.0 

25.0 

12.5 

20:1 


1 

6.6 

23.7 

12.5 

20:1 


24 

8.0 

28.8 

13.1 

5:1 

1.5f 




13.1 

10:1 

2.5 




13.1 

20:1 

3.4 

i 

i 




* This value is low in comparison with the yield reported by Carter and Neville 
(1). Recalculation of their data gives a yield of 35 to 36 per cent instead of the 60 
to 64 per cent previously reported. 

t 5 ml. of 0.1 n sodium arsenite were used instead of 10 ml. 


Table III 

Effect of Periodate on Optical Activity of Hydroxy-h-proline 




w»%.. ,v —* 1 



Time 

Molar ratio of periodate to hydroxyproline 


0 

5: t 

10:1 

20:1 

hrs . 



! 


0 

—0.41 




0.25 

* 

-0.07 

-0.04 

-0.02 

0.50 


-0.04 

-0.02 

0.0 

0.75 


-0.02 

0.0 

+0.01 

1.0 

-0.41 

-0.01 

0.0 

+0.02 

3.5 


* 

* 

+0.05 

24.0 

-0.41 

+0.05 

+0.05 

+0.05 


* The solution Lad turned dark yellow; on standing the color gradually became 
less intense. 

Change in Optical Activity of Hydroxy-h-proline Solutions during Perio¬ 
date Oxidation —The rate of change in optical activity with varying con¬ 
centrations of periodate was determined, Into each of three 10 ml. 
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volumetric flasks was pipetted 1 ml. of a solution of hydroxy-L-proline 
containing 52,4 mg. or 0.4 mM per ml. Aliquots of a solution of sodium 
metaperiodate equivalent to 2, 4, and 8 mM of periodate were added. The 
solutions were diluted to volume with water and transferred to 1 dm. 
polarimeter tubes. A record of the rotations observed over a period of 24 
hours is given in Table III. 

In another experiment, 2.5G7 gm. (3 molar equivalents) of sodium meta¬ 
periodate were added to 0.524 gm. of hydroxy-L-proline dissolved in 85 
ml. of 0.1 n sodium arsenite solution. Within 1 hour, all of the reagent 
had reacted and the observed rotation had changed from —0.47° to —0.15°. 
This reading remained constant until an additional 3 molar equivalents 
of periodate were added, when the rotation changed from —0.15° to +0.07° 
within a half hour. 


SUMMARY 

Hydroxy-L-proline has )>een purified and characterized through the 
0,N-dibenzoyl derivative. An investigation of the reaction of pure 
hydroxy-L-proline with periodate has shown that extensive oxidation 
occurs. Among the degradation products are a dextrorotatory substance 
and formaldehyde. One of the rate-determining factors is the ratio of 
periodate to amino acid; the greater the ratio the more rapid the uptake 
of periodate, the greater the change in optical activity, and the higher the 
yield of formaldehyde. Hydroxy-L-proline is not likely to interfere with 
the determination of serine by periodate oxidation. 
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A SIMPLIFIED PROCEDURE FOR THE PREPARATION OF 
CYTIDYLIC ACID AND DIAMMONIUM URIDYLATE 
FROM YEAST NUCLEIC ACID* 
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0 From the Department of Chemistry and the School of Medicine, Stanford 
University, California) 

(Received for publication, March 10, 1048) 

Previously published methods for the preparation of the pyrimidine 
nucleotides are relatively involved procedures requiring either repeated 
crystallization of the brucine salts (1) or fractionation of the free acids by 
their differential solubility in pyridine (2). Although the yields obtained 
by the former method were not published, we have isolated less than 2 
per cent of the original nucleic acid as crystalline diammonium uridylate 
by this procedure. Yields of 5.6 and 4 per cent of the original nucleic 
acid as crystalline cytidylic and “nearly” crystalline uridylic acids re¬ 
spectively were reported for the pyridine extraction procedure. Other 
workers, however, have found lower yields by the latter method (3) and 
in our own laboratory the yield of crystalline cytidylic acid isolated from 
a sample of yeast nucleic acid by the pyridine method was 1.2 per cent. 
Although the results of bioassays for cytidylic and uridylic acids indicate 
that the concentrations of these constituents in ribonucleic acid are less 
than those expected from a tetranucleotide structure (4), it is evident from 
the small yields mentioned that the isolation procedures are highly inef¬ 
ficient. 

The extent to which nucleosides or nucleotides are produced by alkaline 
hydrolysis of yeast nucleic acid depends on the concentration and type 
of alkali used and on the temperature at which the hydrolysis is carried 
out (1, 5). The published procedures for the preparation of nucleotides 
have avoided hydrolysis to nucleosides by the use of ammonia at 115-120° 
in an autoclave (5) or alternately by the use of stronger alkali at room tem¬ 
peratures for relatively long periods of time (6, 7). In view of the dif¬ 
ficulties inherent in the former procedure and the uncertainty regarding 
the extent of hydrolysis in the latter, it seemed desirable to find conditions 
in which nucleic acid could be converted to nucleotides by refluxing in the 
presence of a relatively strong base. Because of the insoluble nature of 
some of the barium salts of the nucleotides (8,9), the use of barium hydroxide 
as a hydrolyzing agent was studied. In order t6 find optimum conditions 

* Taken in part from a thesis submitted by Paul M. Roll in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, Stanford University, 1947. 
Aided by a grant from the Rockefeller Foundation. 
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for the preparation of the nucleotides, the concentration of alkali was 
determined which could be refluxed with nucleic acid for 2 hours without 
the liberation of appreciable amounts of inorganic phosphate. The re¬ 
sulting hydrolysates as well as those prepared by treatment with dilute 
mineral acid (8) were fractionated with 12-phosphotungstic acid, which 
has been shown to effect a nearly quantitative separation of cytidylic acid 
or cytidine from uridylic acid or uridine (4). The present paper records 
the results in which these procedures have been applied to the preparation 
of cytidylic acid and diammonium uridylate from yeast nucleic acid. 

EXPERIMENTAL 

Hydrolysis of Yeast Nucleic Acid by Barium Hydroxide —A series of 
preliminary experiments employing different amounts of barium hydroxide 
were performed to determine the optimum conditions for hydrolysis to 
nucleotides. Two criteria of the extent of hydrolysis were employed; 
namely, (a) the amount of inorganic phosphate liberated and (6) the growth 
activity of the resulting hydrolysates for the pyrimidine-deficient Neuro - 
spora mutant No. 1298. 2 gm. samples of commercial yeast nucleic acid 
were refluxed for 2 hours in the presence of 20 ml. of water and sufficient 
solid barium hydroxide to give solutions that were 0.5 n, 0.55 n, 0.6 n, 
0.7 n, and 0.8 n with respect to barium ion. The samples were acidified 
with enough hydrochloric acid to dissolve the insoluble barium salts, barium 
ion was removed, as the sulfate, and aliquots of the resulting solutions were 
analyzed for inorganic phosphate (10) and assayed for growth activity (4). 

The phosphate analyses showed that from 2 to 3 per cent of the total 
nucleic acid phosphorus was liberated as inorganic phosphate over the 
normality range from 0.5 to 0.7 n and that 6.5 per cent was formed in the 
0.8 n solution. Whether the inorganic phosphate was derived entirely 
from a single nucleotide or in part from each of the purine and pyrimidine 
nucleotides known to be present could not be determined from the data 
obtained. If the assumption was made, however, that one-half of the 
inorganic phosphate was formed from pyrimidine nucleotides and that a 
corresponding amount of pyrimidine nucleoside resulted, the growth ac¬ 
tivity due to cytidylic acid or uridylic acid varied from 22 to 26 per cent 
over the normality range from 0.5 n to 0.7 n and increased to about 32 
per cent for the 0.8 n solution. If a larger proportion of the inorganic phos¬ 
phate were derived from pyrimidine nucleotides in the more alkaline solu¬ 
tions, the growth activity found would be due to a larger proportion of 
pyrimidine nucleosides and the amount of pyrimidine nucleotides present 
would be correspondingly reduced. In a few additional experiments in 
which stronger alkali or a longer period of hydrolysis was employed, addi¬ 
tional amounts of inorganic phosphate were formed without further increas¬ 
ing growth activity for the mold. 
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On the basis of the above-mentioned experiments, it seemed desirable for 
the isolation of the nucleotides to select conditions of hydrolysis interme¬ 
diate between the extremes mentioned. Accordingly a 10 per cent nucleic 
acid suspension in 0.6 n barium hydroxide was employed. Under these 
conditions a large fraction of the original nucleic acid is converted to rela¬ 
tively insoluble barium salts which could be removed by filtration and used 
for the preparation of diammonium uridylate and eytidylic acid. Alter¬ 
nately the suspension could be treated directly with enough sulfuric acid 
to convert the barium salts to barium sulfate and a solution of the nucleo¬ 
tides. The latter were then fractionated by the same procedure used for 
the barium-insoluble salts. The latter procedure, while not advantageous 
for the preparation of eytidylic acid, gave the best yield of diammonium 
uridylate. 

Isolation of Pyrimidine Nucleotides from Insoluble Barium Salts —50 gm. 
of yeast ribonucleic acid (B. L. Lemke Company) were added to a beaker 
containing 500 ml. of boiling 0.6 n barium hydroxide solution. The mix¬ 
ture was carefully heated to boiling to avoid frothing, was boiled for 2 
hours, and then cooled in ice. The granular precipitate of barium salts 
of the nucleotides was filtered off by suction and was washed with a little 
cold barium hydroxide solution. The solid was suspended in about 200 
ml. of hot water and the solution was acidified with enough 6 N sulfuric 
acid to provide a slight excess of sulfate ions (blue with Congo red paper). 
The resulting solution of nucleotides was filtered from insoluble barium 
salts through a pad of Hyflo Super-Cel and the barium sulfate was washed 
twice by suspension in boiling water. The washings were combined with 
the original filtrate, which was cooled in ice and refiltered from a small 
amount of insoluble material which formed. To the warm solution 20 gm. 
of 12-phosphotungstic acid (11) dissolved in the minimum volume of water 
necessary for solution were added slowly until no further precipitation took 
place. After cooling in ice the heavy precipitate was filtered onto a pad 
of Hyflo Super-Cel, and the filtrate was concentrated in vacuo to a volume 
of about 200 ml. 7.5 ml. of concentrated sulfuric acid were added to make 
the solution approximately 1 n, and then 45 gm. of 12-phosphotungstic 
acid were added to the hot solution. After immediate filtration through 
Hyflo Super-Cel to remove the last traces of the phosphotungstates of the 
purine nucleotides, the solution was allowed to stand at room temperature 
for several hours and cooled in the refrigerator overnight. Cytidylic acid 
phosphotungstate separated as a gelatinous precipitate which was best 
removed by centrifugation in the cold. The solid was washed once in the 
centrifuge with a little ice-cold 1 n sulfuric acid and was used for the 
preparation of cytidylic acid.Jj As cytidylic acid phosphotungstate is quite 
soluble in 1 n acid at room temperature, it is necessary to keep the solution 
as cold as possible during centrifugation. 
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yield of crystalline cytidylic acid by this procedure was less than that given 
above, being from 2 to 2.8 per cent of the original nucleic acid. 

Diammonium Uridylate —The supernatant liquid and washings from the 
cytidylic acid phosphotungstate were freed of phosphotungstic acid and 
converted to diammonium uridylate as previously described. The yield 
in two experiments varied from 5.6 to 6.2 per cent of the original nucleic 
acid. 

Hydrolysis with Mineral Adds —The fractionation procedure described 
above was applied to hydrolysates of nucleic acid obtained after hydrolysis 
for 2 hours with 0.4 n sulfuric acid, nitric acid, and hydrochloric acid (8). 
The free purines which are produced under these conditions were removed 
with silver and the resulting filtrates fractionated with phosphotungstic 
acid after removal of silver ion. Cytidylic acid was obtained in from 3.3 
to 3.6 per cent yield, and diammonium uridylate in about 3.8 per cent yield. 
As compared to the yields previously mentioned, this procedure was not 
advantageous. 

SUMMARY 

Procedures are described for the preparation of cytidylic acid in a yield of 
4.4 per cent and of diammonium uridylate in yields of from 4.6 to 6.2 per 
cent of the original yeast nucleic acid. The procedure is based on the 
hydrolysis of the nucleic acid with 0.6 n barium hydroxide and the frac¬ 
tionation of the phosphotungstates of the purine nucleotides and of cy¬ 
tidylic acid in weakly and strongly acid solutions under conditions in 
which uridylic acid is not precipitated. The same fractionation procedure 
was applied Lo hydrolysates obtained after hydrolysis with mineral acid, 
but the yields of the pyrimidine nucleotides were not as large as those ob¬ 
tained after alkaline hydrolysis. 
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PARTIAL PURIFICATION OF THE VASOCONSTRICTOR 
IN BEEF SERUM* 
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(From the Research Division of the Cleveland Clinic Foundation , Cleveland) 

(Received for publication, March 1, 1948) 

The demonstration that plasma from persons with hypertension is more 
vasoconstrictor than normal plasma would be direct evidence supporting 
a humoral mechanism for the disease. This necessitates evaluating effects 
of vasoactive substances which may be newly formed in the blood subse¬ 
quent to withdrawal of the sample. The chief, and perhaps only, substance 
of importance in this regard is the vasoconstrictor appearing during the 
clotting or defibrination of blood. 

Mainly with the purpose of removing this obstacle to the study of differ¬ 
ences between plasmas from hypertensive and normal subjects, attention 
has been directed to the isolation and identification of the substance in 
serum responsible for its vasoconstrictor activity as measured in the ves¬ 
sels of the isolated rabbit ear. There are other reasons for establishing the 
identity of this substance, among which may be mentioned its probable 
r61es in hemostasis and intravascular clotting. 

Since the problem of the serum vasoconstrictor i$, well over 50 years old, 
an extensive literature dealing with the subject is available (1-5) which 
will not be reviewed again here. Most of the papers discuss the pharma¬ 
cological properties of the unpurified substance, its relative stability, and 
solubility. The results published show a high degree of inconsistency, 
reflecting the inability of previous workers to obtain quantitative informa¬ 
tion from their assay methods. 

This report summarizes the results of work on the purification and prop¬ 
erties of the serum vasoconstrictor in quantitative terms. The method of 
assay, consisting of perfusion of the blood vessels of isolated rabbit ears 
(6, 7), has proved capable of giving reproducible results within 10 to 20 per 
cent in the same preparation, with checks over several months within 25 
to 50 per cent. A five-step purification procedure has been developed which 
yields a preparation of the vasoconstrictor material about 200 times as ac¬ 
tive, on a dry weight basis, as that in serum itself, with recovery of 25 to 
50 per cent of the original activity in serum. The dry preparation can be 
stored without loss of activity, apparently indefinitely. At every stage of 

* A preliminary report of this work has been published (Federation Proc, 9 6, 184 
(1947)). The expense of this work was defrayed in part by a grant from the United 
States Public Health Service, Committee on Cardiovascular Disease. 
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the purification before the fifth, considerable instability of the substance is 
observed. 

The method of purification described in detail below represents a sum¬ 
mary of experience obtained with more than 60 runs, involving 900 liters 
of serum collected from almost 2 tons of beef blood. 

The advantages of the procedure are that it is rapid, inexpensive, and 
gives preparations with reasonably constant properties. It permits purifi¬ 
cation without serious losses and provides a stable preparation suitable for 
accumulation for further purification. The procedure is adaptable to large 
quantities of serum without elaborate equipment. 

EXPERIMENTAL 

Collection of Serum —Clotted whole beef blood, obtained from the 
slaughter-house in a lot of 45 liters (eight buckets), is placed in a cold room 
as soon as received. The eight clots yield 15 to 20 liters of serum 1 of which 
15 liters are processed at a time. The fluid is centrifuged in the cold. The 
collection of 15 liters of serum takes 2 days. 

Step 1. Precipitation of Proteins —The proteins are precipitated from 
the serum, after adjusting the pH to 4.5 to 5.0, by means of 95 per cent 
ethyl alcohol. The pH adjustment has been found necessary for two rea¬ 
sons. First and most important is that large losses of activity result from 
concentration of solutions above pH 7. Second, more effective removal of 
proteins is obtained at the lower pH. The 15 liters of serum are processed 
in three 5 liter batches at this step. 

5 liters of serum are adjusted to pH 4.5 to 5.0 with 130 ml. of 2 n HC1. 
After the addition of 6.7 liters of 95 per cent ethyl alcohol, the mixture is 
stirred well and left in the cold room overnight. The protein precipitate 
is removed by suction filtration, giving 9 to 9.5 liters of filtrate. 

The combined filtrates (27 to 28 liters) are then concentrated at reduced 
pressure under nitrogen to about 300 ml., the temperature being kept be¬ 
low 40°. With the equipment at our disposal, this operation required 20 
to 25 hours. Losses of activity are found to be increased with increase in 
distillation time. To control foaming, 10 ml. portions of 2-ethylhexanol 
are added as required. 

Step #. Removal of Acetone-Insoluble Impurities —To the 300 ml. of con¬ 
centrate, 10 volumes of acetone are added. The mixture is shaken, then 

1 The serum is most conveniently collected by means of an apparatus which per¬ 
mits the eight clots to drain simultaneously. This apparatus consists of a 24 gallon 
can, the bottom of which has been removed. The can rests on a board with a circular 
opening covered by J inch rectangular mesh galvanized screen, in turn covered by 
gauze. The expressed fluid falls into the can cover which rests on top of a 9 liter 
glass jar. The cover has two small holes drilled through its center. 
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stirred mechanically at room temperature until the insoluble phase be¬ 
comes solid. This takes 30 to 60 minutes. The mixture is then chilled in 
the cold room overnight. 

The clear, light yellow supernatant solution, which contains about 90 per 
cent of the active principle, is decanted from the solid (consisting mainly 
of inorganic salts, phosphatides, carbohydrates, and amino acids) and 
evaporated under reduced pressure in a bath kept below 40° to a volume of 
80 to 100 ml. The troublesome foaming which occurs as the last of the 
acetone evaporates is controlled by increasing the pressure temporarily. 

Step 3 . Extraction of Inactive Substances with Chloroform —The mixture, 
which consists at this point of a yellow emulsion with floating dark brown 
oil, is transferred with the aid of an equal volume of chloroform and a few 
ml. of ethanol to a 500 ml. separatory funnel. 

From here on, all operations are carried out in a cold room at 5°. 

Shaking the two phases results in a stiff emulsion, which occasionally 
breaks overnight. More often it is necessary to add 10 gm. of solid am¬ 
monium sulfate and several ml. of methanol. After standing overnight, 
this results in a sharp separation of the phases into an upper, clear, light 
yellow aqueous layer, and a lower, brown chloroform layer. It has rarely 
been found necessary to resort to centrifugation. 

The active principle is entirely in the aqueous phase, 2 * 3 although the 
presence of some active material in the chloroform may be masked by the 
fact that the other substances in this layer are intensely vasodilator when 
tested in the rabbit ear. 

Step 4- Extraction of Active Principle with Butanol —The aqueous layer 
is adjusted to pH 5.9 db 0.3 with 5 n NaOH, 5 to 6 ml. being required. 
This adjustment is not critical. The solution is then saturated with am¬ 
monium sulfate by the addition of 0.6 gm. of the salt per ml., and subse¬ 
quently extracted three times by shaking several minutes with equal 
volumes of butanol. The combined butanol extracts are left overnight at 
—10° and then decanted. 

Step 5 . Precipitation of Active Principle with Dilituric Acid —To the 
butanol extract, 150 ml. of a solution of dilituric acid (5-nitrobarbituric 

1 On two or three occasions, a large fraction of the vasoconstrictor substance has 
gone into the chloroform phase. This has been attended by a concomitant large 
increase in the volume of the chloroform layer with corresponding decrease in the 
volume of the aqueous layer. The effect is attributed to a change in the solvent 
properties of the chloroform resulting from the large quantity of dissolved material. 
Increasing the aqueous volume of the initial extraction or employing an additional 
aqueous extraction of the chloroform corrected this aberration. 

1 The aqueous phase, which is at pH 2.9 to 3.2, has a concentration of activity 50 to 
100 times greater than that of serum. The active material is not stable in this solu¬ 
tion, over 55 per cent having been observed to disappear in 10 days at 5°. 
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acid) in methanol (prepared by dissolving 12 gm. of the acid in 800 ml. of 
absolute methanol at the boiling point, cooling, and filtering) are added, 
resulting in an immediate precipitation of colorless solid. 

After the mixture has stood overnight at 5°, a sample of the supernatant 
solution is tested for completeness of precipitation by the addition of a 
small quantity of the methanolic solution of the acid. If more precipitate 
forms, another 10 ml. of the dilituric acid solution are added to the mixture. 
The procedure is repeated until complete precipitation is obtained, which 
is usually indicated by a faint yellow color. 

The precipitate is collected by centrifugation and is then washed three 
times with small quantities of cold methanol to remove excess dilituric acid 
and butanol. The almost colorless solid is then dried in a desiccator by 
prolonged evacuation. The precipitate contains over 95 per cent of the 
activity present in the butyl alcohol extract. The yield from 15 liters of 
serum is about 2 gm. of this dry precipitate, containing 25 to 50 per cent 
of the activity found in the original serum. 

Method of Assay —The assay is made by injection into the vessels of the 
isolated rabbit ear prepared as described by Page (6, 7). Solutions of the 
unknown are diluted until 0.2 ml. gives a response identical with that of 
0.2 ml. of a standard control solution of the vasoconstrictor substance. 
The standard is a solution of material from Step 5 pooled from ten runs. 
A concentration of 1.2 7 per ml. has been arbitrarily designated as contain¬ 
ing 1 unit of activity. On this basis, the rabbit ear preparation shows the 
responses to other vasoactive substances recorded in Table 1. The repro¬ 
ducibility of the ear preparation responses has been found to be 10 to 20 
per cent. The greater range shown for some of the substances in Table I 
is a result of the inability to obtain constrictions with them identical with 
those of serum vasoconstrictor. The composition of the perfusion fluid 
in gm. per liter is as follows: NaCl 8.2, KC1 0.84, MgCh-fiH^O 0.06, 
CaCl2-2H 2 0 0.04, glucose 1.0, NallCOs 0.40. In addition, 8 ml. of 1 m 
K2HPO4 and 2 ml. of 1 m KH 2 P0 4 are added per liter. 

Properties of Purified Preparation —The range of activity of the purified 
preparation is 500 to 1000 units per mg. The bulk of the solid is composed 
of ammonium diliturate; analysis by direct nesslerization shows 60 to 85 
7 of NHs per mg. The results of other color tests on this material are 
shown in Table II. 

The heat stability of the substance in solution appears to be considerably 
increased by the fifth stage in purification. For example, neither heating 
at 100° for 5 hours at a concentration of 1 mg. per ml. nor standing for 1 
month at room temperature at this concentration resulted in significant in¬ 
activation. Whether this increased stability is due to the stabilizing influ- 
ence of the dilituric acid or to the removal of reactive impurities is not 
known. 
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The material does not show appreciable solubility in organic solvents. 
However, it can be dissolved in boiling water to the extent of 8 mg. per ml., 
but readily crystallizes on cooling. The solubility at room temperature is 

Table I 

Activity of Several Vasoconstrictor Substances in Perfused Ear Vessel Prepara¬ 
tion, Based on Arbitrarily Defined Unit of Activity 

Substance Units per mg. ftt 1 mg. per ml. 


Epinephrine hydrochloride.j 50,000-100,000 

Tyramine.; 500- 1,000 

Histamine phosphate., 3,000- 4,000 

Tryptamine hydrochloride. 5,000 


Table II 
Color Reactions of Purified 

Color reaction 


Gerngross-Voss-Herfeld for p - h y dr oxy phenyl 

groups. 

Pauly diazo for imidazoles. 

Sakaguchi for guanidino groups. 

Folin-Oiocalteu for phenols, indoles, etc. 

Ferric chloride. 

* The quantity of standard substance used for color development is 10 y for all 
reactions except the Gerngross-Voss-Herfeld reaction which requires 50 y. 


Table III 

Dialysis of Serum Vasoconstrictor Against 8 Volumes of 0.01 m Phosphate Buffer , 
pH 74 , at 5°, without Stirring 


Time 

t 

i Concentration 

: 


Inside casing 

Outside casing 

krs. 

| units per ml. 

units per ml » 

0 

; eoo i 

0 

24 

300 

150 

48 

200 ! 

200 

48; buffer solution replaced after 24 hrs. 

126 

75 


about 2 mg. per ml.; at 5°, slightly more than 1 mg. per ml. Repeated 
recrystallization from hot water can be effected without any appreciable 
change in the activity of the precipitate. High concentrations of activity 


of Step 6 

Standard* 


Tyrosine 

Histidine 

Arginine 

Tyrosine 

Epinephrine 


J Comparable 
color obtained 
( per mg. ppt 
I from Step 5 

! y of standard 

2-3 
j 2-3 

' <2 

! 16-21 

! <2 
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in aqueous solution are easily obtained by removing the dilituric acid as its 
insoluble magnesium salt (8) with MgCl* or MgS 04 . No loss of activity is 
encountered in this procedure, but the use of basic magnesium salts results 
in considerable inactivation (30 to 50 per cent). 

Studies on the chemical inactivation will be reported in a subsequent 
publication. 

Some Properties of Active Principle As Found in Serum —Variable effects 
have been observed with regard to stability of the substance in serum, but, 
in general, centrifuged serum loses about half its activity in 5 days at 5°. 

Considerable disagreement exists concerning the dialyzability of the 
serum vasoconstrictor. Quantitative data measuring this property are pre¬ 
sented in Table III. The results indicate that the substance not only di- 


Table IV 

Concentration and Recovery of Beef Serum Vasoconstrictor 


Fraction 


Original serum Dry weight 


units per U 


units per mg. 


Serum.i 300,000 4 

Ethanol filtrate, Step 1.; 240,000 10 

Aqueous concentrate, 300 ml, Step 1. ] 150,000 j 10 

Acetone supernatant, Step 2.; 130,000 90 

Chloroform-washed aqueous phase, Step 3.j 120,000 200 

Butanol extract, Step 4.j 100,000 

Dilituric acid ppt., Step 5. i 100.000 \ 750 


alyzes very rapidly and completely, but that it is not appreciably adsorbed 
by serum proteins. 

The range in activity found in beef serum is 100 to 600 units per ml. 

DISCUSSION 

A summary of the purification process with regard to concentration and 
recovery of activity is presented in Table IV. 

The question of the presence of multiple substances being responsible for 
the vasoconstrictor effect of serum (2, 9) is not answered by this study. 
However, the uniformity of behavior of the active material throughout the 
purification procedure, as well as the high recovery of activity from serum, 
argues for the principal measured effect as being due to a single substance. 
Certain physical properties, such as dialysis, are also consistent with this 
view. As can be seen from Table III, the rate of dialysis is approximately 
the same, starting with fresh serum and with serum from which half the 
activity has already been removed by dialysis. 

If the assumption is made that the effect is due to a single substance, 
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then the data presented in Tables I and II rule out epinephrine, tyramine, 
histamine, and tryptamine on the evidence of activity-color ratios. For 
example, the value for the activity of epinephrine is 60,000 to 100,000 units 
per mg. The comparative color given by epinephrine in the ferric chloride 
test is 1000 y of standard per mg., since epinephrine is used as the color 
standard. The ratio of activity in units per mg. to color in micrograms of 
standard per mg. for this test is therefore 50 to 100 for epinephrine. For 
the purified material of Step 5, the ratio is >360. The fact that this ac¬ 
tivity-color ratio is much greater with the purified material than with 
epinephrine, coupled with the assumption that activity is due to a single 
substance, makes it impossible for epinephrine to be that substance. 

A similar argument may be applied to the other compounds with the 
Folin-Ciocalteu reaction for tyramine and tryptamine and the Pauly reac¬ 
tion for histamine. 

Further experiments aimed toward ultimate isolation and characteriza¬ 
tion of the active material are in progress. 

The authors wish to thank Mr. John M. Means, Miss Martha Bender, 
and Miss Elizabeth Hunt for valuable assistance. 

SUMMARY 

A five-step purification is described which results in a 200-fold concentra¬ 
tion, on a dry weight basis, of the serum vasoconstrictor, a substance which 
appears during the clotting or defibrination of blood. The recovery of ac¬ 
tivity is 25 to 50 per cent of that in the original serum. The principal ad¬ 
vantage of this procedure is that it yields a preparation with enhanced 
stability, permitting accumulation for further purification. 
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BIOCHEMICAL TRANSFORMATIONS AS DETERMINED BY 
COMPETITIVE ANALOGUE-METABOLITE GROWTH 
INHIBITIONS 

VIII. AN INTERRELATIONSHIP OF METHIONINE AND LEUCINE* 

Bt W. M. HARDING and WILLIAM SHIVE 

(From the Biochemical Institute and the Department of Chemistry , The University 
of Texas , and the Clayton Foundation for Research , Austin ) 

(Received for publication, March 15, 1948) 

After Harris and Kohn (1) first reported the prevention of the toxicity 
of norleucine by methionine for Escherichia coli , Porter and Meyers (2) 
found that norleucine in preventing growth of Proteus morganii was com¬ 
petitive with methionine. Lampen and Jones (3) recently demonstrated 
that norleucine prevented competitively the functioning of methionine in 
Escherichia coli . 

The technique of inhibition analysis , which has been used successfully 
in determining the biosynthetic sequence of metabolites in several systems 
(4-6), has been employed in the present investigation of the toxicity of 
norleucine for Escherichia coli . Of the known naturally occurring amino 
acids, methionine alone prevents competitively the toxicity of norleucine; 
however, leucine but not the corresponding keto acid prevents the toxicity 
of norleucine in such a manner as to suggest that methionine functions in 
the biosynthesis of leucine, probably in the animation of a-keto-7-methyl- 
valeric acid. The ability of isoleucine and valine to replace leucine in 
preventing the toxicity of the inhibitor suggests that the biosyntheses of 
these amino acids also involve the enzymatic reaction which is blocked by 
norleucine. Details of these and related findings are presented below. 

EXPERIMENTAL 

Testing Methods —For tests with Escherichia coli the medium was pre¬ 
pared as follows: Na 2 S0 4 , anhydrous, 1 gm., NH4CI 1 gm., K2HPO4 
0.8 gm., MgS04*7H 2 0 80 mg., glucose 2 gm., and Fe(NH4) 2 (S04)r6H 2 0 
20 mg. were dissolved in 100 cc. of distilled water, steamed for 5 minutes, 
and filtered after cooling to room temperature. For assays, 5 cc. of this 
double strength basal medium were added to the test materials contained 
in 5 cc. of water. The tubes were capped, autoclaved 10 minutes at 15 
pounds steam pressure, cooled, and inoculated. Times and temperatures 
of incubation are given in each table. 

* For the most part from a thesis submitted by W. M. Harding to The University 
of Texas in partial fulfilment of the requirements for the degree of Master of Arts, 
August, 1946. 
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The organism was a previously described (4) strain of Escherichia coli , 
maintained by monthly transfers on 1 per cent glucose, 1 per cent yeast 
extract, and 1.5 per cent agar but grown for at least two daily transfers on 
the inorganic salts-glucose medium described above before use in the tests 
reported in Tables I, II, IV, and V. The data in the other tables were 
obtained by use of this same organism grown for at least eight daily trans¬ 
fers in the inorganic salts-glucose medium supplemented with 1 to 10 mg. 
of DL-methionine per 10 cc. Such “training” of the organism did not 
result in tests which were qualitatively different from tests obtained with 
the “untrained” strain. The inoculum for a test was prepared by cen¬ 
trifuging a 10 cc. daily transfer after 14 to 18 hours growth, washing the 
cells in 10 cc. of 0.9 per cent sodium chloride solution, and resuspending in 
10 cc. of the saline solution. A drop of a 1:100 dilution of this suspension 
was used to inoculate each tube of the test. 

The basal medium used for the tests with Lactobacillus pentosus was that 
of McMahan and Snell (7) with the omission of leucine, isoleucine, valine, 
methionine, norleucine, norvaline, hydroxyproline, adenine, guanine, and 
xanthine and the doubling of the amount of Salts A. This medium was not 
sufficient for growth, but abundant growth was obtained in 24 hours when 
leucine, isoleucine, and valine were added. Tf these three amino acids were 
omitted and a-keto-7-methylvaleric acid, a-keto-/?-methylvaleric acid, and 
a-hydroxyisovalerh* acid (1 mg. each per 10 cc.) were included in the 
medium, good growth occurred in 2 days. Before the organism was used 
in a test it was grown in five successive 48 hour transfers in the latter 
medium, after which time good growth was obtained in 30 to 36 hours in 
this medium. 

The tests prepared for inoculation with Lactobacillus pentosus were 
autoclaved 15 minutes before inoculation. The organisms to be used for 
inoculation were centrifuged and washed as described for Escherichia coli. 
The washed suspension was diluted 1:20 and 1 drop of this suspension was 
used to inoculate each tube. 

Results —Of the amino acids normally occurring in proteins, only methi¬ 
onine, leucine, isoleucine, valine, glutamic acid, and threonine prevented 
the toxicity of norleucine for Escherichia coli to any significant extent, 
their respective degrees of effectiveness decreasing in the order named. 

As is shown in Table I, methionine reverses competitively the inhibitory 
effect of norleucine on Escherichia coli . The molar ratio of DL-norleucine 
to DL-methionine just necessary to prevent the growth of the organism 
(the antibacterial index) (8) is within the range of 30 to 100 under the 
testing conditions employed. The antibacterial index determined with 
the addition of 100 7 of L-leucine per 10 cc. of medium was approximately 
10 times the ratio obtained in the absence of exogenous leucine. 
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Separate experiments indicated that leucine, isoleucine, valine, or any 
four mixtures which can be made with leucine, isoleucine, and valine did 
not competitively prevent the toxicity of norleucine. 

However, as is indicated in Table II, increasing concentrations of leucine 

Table I 

Effect of Leucine on Norleucine Toxicity 
Test organism, Escherichia coli$ incubated 15 hours at 38-39°. 


.Galvanometer readings* 


DL-Norleucine 

DL-Methioninc 

Without L-leucine 

With L-leucine 
(100 y per 10 cc.) 

y per 10 ce. 

y per 10 cc. 

| 


0 

0 

52 

55 

10 

0 

10 

53 

30 

0 

2 

16 

, 100 

0 


2 

0 

3 

54 

59 

30 

3 

52 

59 

100 

3 

32 

58 

300 

3 

5 

50 

1,000 

3 

2 

8 

0 

10 

54 

54 

100 

10 

56 

58 

300 

10 

22 

57 

1,000 

10 

2 

45 

3,000 

10 


18 

0 I 

30 

56 

55 

300 : 

30 

60 

59 

1,000 

30 

10 

54 

3,000 

30 

1 2 i 

44 

10,000 

30 


38 

30,000 

30 


8 

0 

100 

! 63 

60 

1,000 

100 

55 

60 

3,000 

100 

1 14 

53 

10,000 

100 

: 2 

48 

30,000 

100 

i 

14 

Antibacterial index. 


... ! 30-100 

300-1000 


* A measure of culture turbidity; distilled water reads 0, an opaque object 100. 


above 10 y per 10 cc. had only slight effects until relatively high concen¬ 
trations of leucine above 300 y per 10 cc. were employed. Above that 
concentration, the effect of leucine appeared to be competitive at a ratio of 
norleucine to leucine of approximately 0.3. This effect at high concentre- 
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tions suggested the possibility of contamination of the L-leucine with 
methionine. An assay for methionine in the leucine by the method of 
Stokes et oil. (9) with Streptococcus faecalis R indicated that the quantity 
of methionine present was insufficient to account totally for the effects 
shown in Table II. However, DL-leucine (synthetic and presumably free 
of methionine) was tested against norleucine in the same manner as L-leu- 

Tablb II 

Effect of Increasing Concentrations of Leucine on Norleucine Toxicity 


Test organism, Escherichia coli; incubated 14 hours at 37-38°. 


DL-Norleucine 

l-L eucine 

Galvanometer reading 

7 per 10 cc . 

7 per 10 cc. 


0 

0 

53 

10 

0 

* 10 

30 

0 

1 

0 

10 

57 

10 

10 

41 

30 

10 

10 

100 

10 

1 

0 

30 

56 

10 

30 

44 

30 

30 

28 

100 

30 

1 

0 

100 

57 

10 i 

100 i 

54 

30 1 

100 

! 32 

100 

100 

1 2 

0 

300 

j 52 

30 

300 

50 

100 ! 

300 

1 8 

300 

300 

2 

0 

I 1000 

54 

30 

1000 

51 

100 

1000 

38 

300 

1000 

2 

0 

3000 1 

54 

300 

3000 

51 

1000 j 

3000 

6 


cine, and at high concentrations DL-leucine prevented the toxicity of nor¬ 
leucine in a manner similar to that of L-leucine; however, the effect of 
DL-leucine at higher concentrations cannot be described as competitive in 
that 10-fold increases in concentration of DL-leucine (300 to 3000 y and 1000 
to 10,000 y per 10 cc.) required only 3-fold increases in concentration of 
norleiucine to inhibit growth of the organism in several tests. 
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The effect of increasing concentrations of leucine on the toxicity of nor* 
leucine is further shown in Table III which indicates the effects of 100 and 
3000 y per 10 cc. of DL-leucine on the antibacterial index. In this and 
other tests, low concentrations of leucine (30 to 300 y per 10 cc.) increase 
the antibacterial index from 3* to 10-fold. Higher concentrations of 
leucine further prevented the toxicity of norleucine, and the effect was not 
completely “diluted out" by high concentrations of methionine. 

In Tables IV and V, the effects of DL-valine and DL-isoleucine on nor- 

4* 


Table III 

Effect of Increasing Concentrations of Leucine on Inhibition Index 


Test organism, Escherichia coli; incubated 16 hours at 37-38°. 


DL-Norleucine 

DL-Methionine 

Galvanometer readings 

Without DL-leucine 

With DL-leucine 
(100 7 per 10 cc.) 

With DL-leucine 
(3000 7 per 10 cc.) 

* y per 10 cc. 

7 per 10 cc. 




0 

10 


48 

46 

300 

10 


44 

46 

1,000 

10 


13 

46 

3,000 

10 


5 

38 

10,000 

10 



5 

0 

30 

52 

50 

44 

300 

30 

45 

47 

46 

1,000 

30 

12 

38 

46 

3,000 

30 

5 

7 

46 

10,000 

30 


5 

21 

30,000 

30 



5 

0 

100 

54 

50 

45 

1,000 

100 

46 

50 

45 

3,000 

100 

5 

35 

44 

10,000 

100 


5 

38 

30,000 

100 



8 

Antibacterial index.. 

30 Ca. 

100 Ca. 

300-1000 Ca. 


leucine toxicity are shown. The addition of either amino acid to the me¬ 
dium resulted in a higher antibacterial index by approximately 3-fold. 

The relative effects of leucine, isoleucine, and valine are indicated in 
Table VI. At a concentration of 200 y per 10 cc. and in the presence of 
10 y per 10 cc. of DL-methionine, which was used for the purpose of pre¬ 
venting any possible precursor effects, DL-leucine was slightly more effective 
than DL-isoleucine, which in turn was slightly more effective than DL-valine. 
This order of activity in other tests was often more pronounced. In¬ 
creased concentrations of DL-isoleucine or DL-valine did not give an effect 
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similar to that given by increased concentrations of DL-leucine. However, 
a mixture of the two was able to replace leucine in producing this effect. 

In separate experiments, a-keto-y-methylvaleric acid, a-keto-jS-methyl- 
valeric acid, or a-hydroxyisovaleric acid had no effect on the toxicity of 
norleucine for Escherichia coli in the inorganic salts-glucose medium. 

In the modified amino acid medium containing a-keto-y-methylvaleric 
acid, a-keto-/3-methylvaleric acid, and a-hydroxyisovaleric acid, nor- 

Tablb IV 

Effect of Valine on Norleucine Toxicity 


Teat organism, Escherichia coli; incubated 14 hours at 37-38°. 


DL-Norleuclne 

DL-Methionine 

1 Galvanometer readings 

1 

Without valine 

With DL-valine 
(200 y per 10 cc.) 

y per 10 cc, 

o 

y per JO cc, 

0 

52 

55 

10 

0 

10 

53 

so 

0 

1 

16 

100 

0 


1 

0 

8 

54 

51 

80 

3 

52 

59 

100 

3 

32 

49 

800 

3 

5 

45 

1,000 

3 

2 

5 

0 

10 

54 

57 

100 

10 

56 

56 

300 

10 

22 

53 

1,000 

! 10 

2 i 

34 

3,000 

10 


4 

0 

100 

63 

62 

1,000 

100 

55 ! 

54 

3,000 

100 

14 

46 

10,000 

100 

0 

2 

Antibacterial index. 

30-100 

100-300 


leucine at a concentration of 1 mg. per 10 cc. almost completely prevented 
growth of LactobaciUus pentosus. As is indicated in Table VII, the in¬ 
hibition was prevented in a competitive manner by methionine, and at a 
ratio of norleucine to methionine of approximately 3000, complete in¬ 
hibition of growth was just attained. Leucine also prevented the toxic 
action of norleucine in a manner somewhat suggestive of a product of an 
inhibited enzymatic reaction; however, the range of concentrations which 
could be tested by this method was insufficient to demonstrate effectively 
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Table V 

\Effect of Isoleucine on Norleucine Toxicity 
Test organism, Escherichia colt; incubated 14 hours at 37-38°. 

Galvanometer readings 


ni-Norleucine , DL-Methk>nine 


«!<■« oncttciue 

virtue uuuuiur 

Without Isoleucine 

With DL-isoleudne 
(200 y per 10 cc.) 

yptr JO cc. 

0 

y per JO cc. 

0« 

57 

55 

10 

0 

1 

60 

30 

0 


2 

0 

10 

54 

58 

100 

10 

55 

57 

300 

10 

17 

56 

1000 

10 

2 

15 

3000 

10 


7 

0 

30 

50 

58 

800 

30 

56 

53 

1000 

30 

2 

53 

3000 

30 

i 


3 

Antibacterial index. 

80 Ca. 

100 Ca. 


Table VI 

Relative Effect of Leucine , lsoleucine t and Valine on Toxicity of Norleucine 
Test organism, Escherichia coli; incubated 15 hours at 38-39°. 


Galvanometer readings 


Amino acids* 


DL-Norleudne, y per 10 ml. 



0 

300 

1000 

3000 

10,000 

30,000 


7 P*t JO CC. 







None 


60 

15 

1 




DL-Valine 

200 

50 

45 

6 

1 



it 

2000 

48 

46 

20 

1 



DL-Isoleucine 

200 

50 

40 

29 

1 



n 

2000 

49 

40 

23 

1 



Un-Leucine 

Dir Leucine 


200 

49 

60 

33 

J ; 

1 



DL-Isoleucine 

DL-Valine 


200 each 

51 

50 | 

! 1 

47 

19 

2 


DL-Isoleucine 
DL-Valine ( 


200 " 

49 

48 

44 

1 



DL-Isoleucine 

DL-Valine 


j 2000 " 

> ! 

48 

i 

48 

i 

47 

43 

i 

9 

1 


* In the presence of 10 y per 10 cc. of on-methionine. 
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that this was the case. Neither isoleucine nor valine at concentrations 
of 1 mg. per 10 cc. had any appreciable effect on the toxicity of norleucine 
for Lactobacillus pentosus in this medium. 

In Table VIII, the effect of leucine and glutamic acid and the two 
combined on the toxicity of norleucine for Escherichia coli is indicated. 

Table VII 

Effect of Methionine and Leucine on Toxicity of Norleucine for Lactobacillus 

pentosus 

Test organism, Lactobacillus pentosus; incubated 40 hours at 30°. 


DL-Norleudne 

Galvanometer readings 

DL-Methionine 

DL-Leucine 

0 7 per 10 cc. 

10 7 per 10 cc. 

0 

47 

52 

800 

44 

46 


14 

15 

8,000 

3 

4 


1 7 per 10 cc. 

30 7 per 10 cc. 

0 

53 

48 


48 

56 


24 

27 


6 

14 



2 


3 7 per 10 cc. 

100 7 per 10 cc. 

0 

56 

53 


31 

54 


25 

42 

10,000 

7 

25 


10 7 per 10 cc. 

300 7 per 10 cc. 

0 

60 

61 

■ 

53 

65 

wmM 

38 

60 


Each exerted its effect independently of the other. Leucine in this cre o 
increased the antibacterial index 10-fold, glutamic acid 3-fold, and the two 
combined increased the antibacterial index 30-fold. The effect obtained 
with glutamic acid can also be obtained with a-ketoglutaric acid (at con¬ 
centrations as low as 10 7 per 10 cc.) or with pantothenic acid (1 y per 10 
cc.) or thiamine (1 7 per 10 cc.). The effect as indicated in Table VIII is 
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not enhanced by increased concentrations of these substances, as is the 
case with leucine and with a mixture of isoleucine and valine. 

Separate experiments with Escherichia coli indicated that DL-threonine 
(100 y per 10 cc.) and DL-homocystine (100 y per 10 cc.) were capable of 
preventing the toxicity of norleucine at concentrations 3 to 10 times that 

Table VIII 

Effect of Leucine and Qluiamic Acid on Toxicity of Norleucine 


Test organism, Escherichia coli; incubated 15 hours at 37-38°. 


DL-Norleucine 

DL-Methionine 

Galvanometer readings, supplement 

None 

DL-Leudne 
(600 y per 10 cc.) 

L-Glutamic add ! 
(300 y per 10 cc.) 

DL-Leudne (600 y 
per 10 cc.), L-glu- 
t&mic acid (300 y 
per 10 cc.) 

y per 10 cc. 

y per 10 cc. 





0 

1 

66 

66 

56 

66 

30 

1 

64 

65 

68 

66 

100 J 

1 

1 

60 

49 

57 

300 

1 


47 

i 

57 

1,000 

1 


1 


32 

3,000 

1 




2 

0 

3 

66 

65 

66 

65 

100 

3 

56 

66 

64 

57 

300 

3 

9 

64' 

45 

57 

1,000 

3 

1 

47 

- 11 

63 

3,000 

3 


6 

2 

15 

10,000 

3 


2 


4 

0 

10 

56 

65 

67 

57 

300 

10 

46 

66 

67 

59 

1,000 

10 

4 

64 

36 

57 

3,000 

10 


31 

6 

47 

10,000 

10 


5 

2 

16 

30,000 

10 


3 


4 

0 

30 

56 

64 

66 

55 

1,000 

30 

21 

52 

54 

57 

3,000 

30 

4 

48 

32 

55 

10,000 

30 


14 

2 

43 

30,000 

30 


4 


10 

Antibacterial index. 

100 Ca. 

1000 Co. 

300 Ca. 

3000 Ca. 


necessary for the same degree of inhibition in a salts-glucose medium in the 
absence of these substances. However, in a medium containing 10 y per 
10 cc. of DL-methionine, these amino acids exerted no effeet. 

Norleucine in separate tests was found to be synergistic with 2-oxo-4- 
imidazolidinecaproic acid in preventing the growth of Escherichia coli. 
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By combining each analogue in approximately one-fourth the amount 
necessary alone for complete inhibition of growth, the growth of Escherichia 
coli in the salts-glucose medium was completely prevented. 

DISCUSSION 

In previously reported considerations of competitive analogue-metabolite 
growth inhibitions of bacteria, exogenous substances other than the metab¬ 
olite which are capable of preventing the toxicity of the analogue are (a) 
precursors of the metabolite (5), ( b ) the product of the enzymatic reaction 
“blocked” by the analogue (4), and (c) substances exerting a “sparing 
action” on the product of this enzymatic reaction (10, 11). A fourth 
type of agent capable of exerting such an effect includes (d) substances 
capable of increasing the effective enzyme concentration. 

The effect of a precursor (a) of the metabolite is “diluted” (5) by in¬ 
creasing the concentration of the metabolite, and the antibacterial index 
determined at the higher concentration of the metabolite is identical with 
that determined in the absence of the precursor. Upon supplying ade¬ 
quate amounts for growth of the product of the “blocked” enzymatic 
reaction (6), the analogue either becomes ineffective as a growth inhibitor 
or at higher concentrations affects another enzyme system utilizing the 
metabolite (4). In the latter case, the antibacterial index corresponding 
to this new system is higher than that determined in the absence of the 
product. The antibacterial index determined in the presence of reversing 
agents of types (c) (10, 11) and (d) invariably is increased over that de¬ 
termined in the absence of such agents. 

The actions of reversing agents of types (c) and (d) are demonstrated 
most readily by the following simple system under testing conditions which 
have limitations previously described (4). 

E + S^ES->P + E 
E + It±E1 

From these equations, as previously discussed (4), 

[7] KAEJ] 

18] KbIES] {) 

where K r and K B are the dissociation constants of the inhibitor (analogue)- 
enzyme complex and the substrate (metabolite)-enzyme complex, respec¬ 
tively, [/] and [S] are the concentrations of the inhibitor and substrate, 
respectively, and [El] and [2?$] are the concentrations of the inhibitor- 
enzyme complex and the substrate-enzyme complex. 

If [E t ] represents the total effective enzyme concentration, then 

[E t ] » [£&q + \E1] -f [E] (2) 
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where [£] represents the concentration of free enzyme not associated with 
either the substrate or inhibitor. Since under testing conditions, [JS] —► 0 
with increases in the concentration of substrate and inhibitor, i.e. enzyme 
saturation is practically attained, [E] may be neglected in determining 
[El], which is relatively large. Thus when [E] is neglected in equation (2), 

[El] - [E t ] - [ES] (3) 

Substituting for [El] in equation (1) gives 

VI Kt ilE t ] - [ES ]) 

[SI KalES] W 

Since the ratio of [/]:[£] is determined under conditions such that the rate 
of synthesis of the product, P, from ES must be constant (4), under the 
defined condition in which only [7], [$], and [E t ] may be varied by ex¬ 
ogenous substances, [ES] must be constant and relatively small in com¬ 
parison to [P<]. Consequently the antibacterial index, [7]: [S], will vary 
almost directly with [PJ. 

Thus, substances capable of increasing the effective concentration of 
the inhibited enzyme (d) will prevent the toxicity of the analogue inhibitor 
in such a manner as to increase the antibacterial index. 

The same line of reasoning can be applied to substances exerting a 4 ‘spar¬ 
ing action.” If exogenous substances act in such a manner as to decrease 
the amount of product P necessary for growth, [£'&]’ must be diminished 
by increasing [7]:[aS] if growth of the organism is to be prevented. In 
this case it is apparent from equation (4) that if [E t ] is assumed to be 
constant in the absence of reversing agents of type (d), the antibacterial 
index varies almost inversely with [ES], since [E t ] is relatively large in 
comparison with [ES] under testing conditions. Since the amount of 
product synthesized is directly proportional to [ES], the decrease in the 
amount of P required by the organism resulting from the addition of these 
substances exerting a “sparing action” is reflected by practically a pro¬ 
portional increase in the antibacterial index. 

Since reversing agents of types (6), (c), and (d) are capable of effecting 
an increase in the antibacterial index, a system of differentiating these 
effects is desirable. Although, it has not as yet been possible to devise a 
system for isolated cases, a group of agents effecting changes in the anti¬ 
bacterial index can usually be differentiated into the various classes. 

Reversing agents of type (c) and (d) exert their effects independently 
of the other, but neither exerts an effect in the presence of the product 
type (b). Usually the change in the antibacterial index resulting from 
supplying a reversing agent of type (d) will be of a low order of magnitude, 
usually not detected under testing conditions, while that of type (6) is 
usually relatively large. When the “sparing action” of a reversing agent 
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of type (c) is that of supplying a secondary product derived from the 
primary product, the magnitude of the change in the antibacterial index is 
often relatively large. Other types of sparing actions are less frequently 
encountered. 

Hence, for the great majority of cases, on supplying a substance to the 
growth medium, an increase in the antibacterial index of 3-fold or greater 
is a good indication that the metabolite functions directly or indirectly in 
the biosynthesis of the substance or its equivalent. 

A study of the competitive inhibition by norleucine of the functioning 
of methionine led to the discovery of nine different substances which are 
reversing agents of the inhibition. The effects of two of these, threonine 
and homocystine, were “diluted” at higher concentrations of the metabo¬ 
lite and may be considered as precursors of methionine. The antibacterial 
indices determined in the presence of the other seven even at higher con¬ 
centrations of methionine were increased over that determined in their 
absence. Classification of these substances under the reversing agents 
of types (6), (c), and (d) was desirable. 

The members of one group, a-ketoglutaric acid, glutamic acid, panto¬ 
thenic acid, and thiamine, were interchangeable under the conditions of 
testing. Each member of this group of reversing agents was incapable of 
preventing the toxic action of norleucine beyond a definite ratio of analogue 
to metabolite, and in the presence of one, the others were not effective. 
This ratio was usually about 3 times the antibacterial index determined 
in their absence. 

Leucine, isoleucine, and valine were a second group of factors which 
appeared to be slightly different in their mode of preventing the toxic action 
of the inhibitor. Increasing concentrations of leucine required increasing 
concentrations of norleucine for inhibition of growth, but the action was 
not strictly competitive. Either isoleucine or valine was capable of exert¬ 
ing an effect of a magnitude similar to that of the first group; however, a 
mixture of these two amino acids replaced leucine in giving this effect. 
The reporter! mutual antagonistic action of the two keto acids correspond¬ 
ing to valine and isoleucine (12, 13) as well as the amino acids themselves 
(14) suggests a basis for the requirement of a mixture of these two amino 
acids in order to attain the maximum effect of leucine. The effect of high 
concentrations of leucine was not effectively “diluted” by increased con¬ 
centrations of methionine; so the effect is not merely increasing the produc¬ 
tion of methionine. A member of either the first or second group of re¬ 
versing agents was capable of exerting its effect in the absence or in the 
presence of a member of the other group, as is demonstrated in Table VIII. 

Since both thiamine and pantothenic acid function in the biosynthesis of 
a-ketoglutaric acid, it appears that their effects may be to enhance produc- 
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tion of a-ketoglutaric acid. 2-Qxo-4-imidazolidinecaproic add, which 
apparently prevents the biosynthesis of a-ketoglutarate by the organism 
(15), acts synergistically with norleucine in preventing growth of Escherichia 
coli. It appears that a-ketoglutarate may therefore function as a reversing 
ggent of type (d). 

Since the first group shows an effect in the presence of the second group 
of reversing agents, the second group probably represents reversing agents 
of type (c). The effect of high concentrations of leucine may be due to a 
reverse reaction whereby leucine further “spares” the immediate product 
of the blocked reaction. The inactivity of the corresponding keto adds 
of leucine and isoleucine suggests that norleucine prevents the function 
of methionine in an enzyme system dealing with the transfer of amino 
nitrogen. The involvement of «-ketoglutarate is suggestive of trans¬ 
amination. The activities of leucine, isoleucine, and valine indicate a 
common source of interchangeable amino nitrogen in their biosyntheses. 

SUMMARY 

The types of reversing agents other than the metabolite in competitive 
analogue-metabolite growth inhibitions are listed, and the types of effects 
obtained with each are discussed. 

A. study of the competitive inhibition of the functioning of methionine 
by norleucine has been made with Escherichia coli and Lactobacillus pento- 
sus. For Escherichia coli, nine substances other than methionine were 
found to affect the inhibition. Threonine and homocystine were found 
to affect the inhibition in a manner characteristic of precursors. Pan¬ 
tothenic acid, thiamine, a-ketoglutaric acid, or glutamic acid was found 
to be interchangeable in exerting an effect on the inhibition which was 
characteristic of substances increasing the effective enzyme concentration 
of the reaction “blocked” by norleucine. Leucine or a mixture of iso¬ 
leucine and valine exerted an effect which suggests that methionine func¬ 
tions in the biosynthesis of these amino acids, probably in the amination, 
since the corresponding keto acids were inactive. 
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PHOSPHORYLATION COUPLED TO ELECTRON TRANSPORT 
BETWEEN DIHYDRODIPHOSPHOPYRIDINE NUCLEOTIDE 

AND OXYGEN* 


Sirs: 

Measurement of efficiency of aerobic phosphorylation coupled to oxida¬ 
tion of pyruvate over the Krebs tricarboxylic acid cycle has disclosed that 
an average of 3 moles of inorganic phosphate becomes esterified during 
the passage of a pair of electrons from substrate to oxygen. 1 

Phosphorylation Coupled to DPNHt Oxidation 
* Warburg vessels contained 0.30 ml. of enzyme preparation, 0.005 m MgSOs, 0.05 
m KC1,0.02 m glycylglycine buffer, pH 7.4, 0.002 m ATP, 1.5 X 10“* m cytochrome c, 
486,000 counts per minute, P* as inorganic phosphate, and pyridine nucleotides in 
total volume of 1.0 ml. Incubated in air at 30° for 7 minutes. Other conditions are 
indicated below. 


Experiment No. 

i 

j 

i 

Per cent of counts in add- 
soluble esterified P 

PlusDPNHs 
(5 mg.) 

Plus DPN 
(5 mg.) 

1 

Complete system. 

28.3 

1.99 

2 

“ “ ATP omitted. 

9.25 

0.526 

3 

“ “ cytochrome c omitted. 

1.10 

1.51 

4 

“ “ Mg* 4 omitted. 

1.35 

0.296 

5 

“ “ (anaerobic). 

2.42 


6 

** “ + 0.018 m NaF. 

37.0 


7 

“ 44 4* 0.009 “ arsenite. 

1.68 

1 


i 

No pyridine nucleotide 

8 

| Zero time... 

0.047 

9 

1 Complete system. 

4.65 

10 

41 “4 0.01 m malate. 

33.8 


To determine whether esterification of inorganic phosphate is coupled to 
the passage of electrons from reduced diphosphopyridine nucleotide 
(DPNHj) to oxygen, we have used P 82 as a tracer. DPNH 2 of 70 per cent 

* Aided by grants from the American Cancer Society (recommended by the Com¬ 
mittee on Growth of the National Research Council) and Mr. Ben May, Mobile, Ala¬ 
bama. 

1 Ochoa, 8., J. BioL Ch*m. t 151, 493 (1943). 
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purity 2 was incubated aerobically with a particulate fraction of rat liver 
which catalyzes all the reactions of the Krebs cycle and fatty acid oxida¬ 
tion. 3 The medium contained inorganic P labeled with P 32 , Mg* 4 *, cyto¬ 
chrome c, and ATP. The reaction was stopped with trichloroacetic acid 
and the acid-soluble esterified P fraction then separated for determination 
of radioactivity. As a control, oxidized DPN of 56 per cent purity was 
substituted for DPNH*. The table shows the results of this experiment 
and the effects of the omission of components, anaerobiosis, and the 
presence of inhibitors. 

It can be seen that a large incorporation of inorganic P 32 into the esterified 
fraction occurred during oxidation of DPNH 2 comparable to that found 
when a Krebs cycle intermediate, /-malate, was oxidized by the system. 
However, when DPN was substituted for DPNH 2 , no significant esterifica¬ 
tion took place. The presence of ATP, Mg M , and cytochrome c was 
required for the phosphorylation which did not occur anaerobically. 
Fluoride increased the amount of P 32 incorporated, whereas arsenite 
completely abolished the effect. 

Comparable experiments with the DPN-linked oxidation of l-(3- hydroxy- 
butyrate to acctoacetate in which oxygen upt akes were measured accurately 
corroborated the above findings and disclosed that the ability to esterify 
phosphate is lost after aging the enzyme at 2° for 2 days without impairing 
the oxidation. 

Departments of Biochemistry and Surgery Morris Fried kin 4 

University of Chicago Albert L. Lehningkr 

Chicago 
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8 Ohlmeyer, P., Biochcm. Z., 297, 66 (1938). 
a Lehninger, A. L., and Kennedy, E. P., J. Biol. Chem. t in press. 
4 National Institute of Health Research Fellow. 



A NEW BLOOD CLOTTING INHIBITOR. 


Sirs: 

On attempting to purify thromboplastin, various investigators 1 have 
obtained materials which possess decreased thromboplastic activity. In 
our work we have confirmed these*, observations. 2 The question arises as to 
what causes this decrease in thromboplastic activity. Ls it that a com¬ 
ponent. inherent to the thromboplastin molecule has been denatured, 
inactivated, or removed, thus inactivating the molecule? Or is it due to 
the presence of an inhibitor, the concentration of which has been increased 
by the attempted purification procedure, thus causing a decrease in the 
observed thromboplastin activity? It is our belief that the reduction in 
thromboplastic activity is due to an increase in concentration of the 
thromboplastin-inhibitor. Chemical isolation and identification of such a 
substance might indirectly point to the chemical structure of thrombo¬ 
plastin, since it is a known fact that most biologically active compounds 
have a structure similar to their inhibitors. 

We have investigated the possibility of isolating a thromboplastin 
inhibitor. By chemical fractionation, a material possessing inhibitory 
properties was obtained from the phosphatide fraction of dried beef brain 
and rabbit lung thromboplastins, and also from soy bean phosphatides and 
human plasma. 3 In our preliminary work our most active inhibitory 
fraction had chemical properties similar to inositol phosphatides isolated 
from brain and soy beans. On chemical anatysis, the following data were 
obtained: brain inositol phosphatide, C 53.3, P 4.3, N 1.0, ash 17.1; soy 
bean inositol phosphatide, V 54.1, P 2.9, N 1.1, ash 13.2. The analytical 
data compare favorably with the analysis given by Folch 4 on brain inositol 
phosphatide, and by Woolley 5 on soy bean inositol phosphatide. To verify 
the identity of our thromboplastin inhibitor preparation, we then isolated 
brain and soy bean inositol phosphatides by the methods of Folch 4 and 
Woolley. 6 The material isolated in this manner had the same properties 
as our thromboplastin inhibitory fraction, indicating that it is identical 
with the inositol phosphatide fraction. Samples of inositol phosphatide 

1 Chargaff, E., in Nord, F. F., and Werkrnan, C. H., Advances in enasymology 
and related subjects, New York, 5, 31 (1945). Quick, A. J., The hemorrhagic dis¬ 
eases, Chicago (1942). Studer, A., Volume jubilaire en Phonneur de M. Emile 
Christophe Varell, Bale (1946). 

8 Overman, R. S., and Wright, I. S., unpublished data. 

* Overman, R. S., Conference on blood clotting and allied problems, Josiah Macy, 
Jr., Foundation, New York, Feb. 16-17 (1948). 

* Folch, J., J . Biol. Chern., 146, 35 (1942). 

* Woolley, D. W., J. Biol. Chem 147, 581 (1943). 
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isolated from brain and soy beans were generously supplied by Dr. H. E. 
Carter of the University of Illinois. These samples also possessed inhib¬ 
itory activity similar to that of our thromboplastin inhibitory preparation. 
At present we are working on the determination of the chemical structure 
of this inhibitor and its biological action on animals. 

When rabbit lung thromboplastin is used, 0.5 mg. of our most active 
preparation prolongs the prothrombin time (Quick method) from 19 to 100 
seconds on normal human plasma. 1 mg. of the inhibitor prolongs the 
prothrombin time from 19 to 200 seconds. By the use of whole blood and 
the determination of the coagulation tyne by the Lee-White method, 2.0 
mg. of our preparation prolong the clotting time from 6 to 50 minutes. 
5.0 mg. of the inhibitor prolong the coagulation time from 6 minutes to over 
72 hours. 

According to Carter, 6 lipositol (inositol phosphatides) inhibits the anti¬ 
biotic activity of streptomycin. Logically this would seem to indicate that 
streptomycin might have a structure similar to that component of throm¬ 
boplastin which is inhibited by lipositol. We have found that streptomycin 
hydrochloride (Merck) and streptomycin sulfate (Eli Lilly and Company) 
have an effect similar to inositol phosphatide in that they prolong the 
prothrombin time and coagulation time of blood. Further work is in 
progress to ascertain the mechanism of this action. 

Department of Medicine Ralph S. Overman 

Cornell University Medical College Irving 8. Weight 

New York City 

Received for publication, April 15, 1948 


• Rhymer, I., Wallace, G. I., Byers, L. W., and Carter, H. E., J. Biol. Chem. y 169, 
457 (1947). 



INHIBITION OF THE PHOSPHORYLATION OF GLUCOSE BY 
MENINGOCOCCAL ENDOTOXIN* 

Sirs: 

In the course of investigations dealing with the mode of action of bacterial 
endotoxins, it was found that meningococcal endotoxin, prepared in Dr. 
C. P. Miller’s laboratory according to a method described elsewhere, 1 
inhibited the in vitro utilizatfon of glucose by rat muscle extracts. This 
inhibition did not occur if Zn-free insulin 1 was added to the reaction 
mixture. The preparation of the rat muscle extracts and the determina- 


Inhibtlion of Olucose Utilization by £ Mg. of Meningococcal Endotoxin 


Series No. 

! 

Normal 

Phis 2 mg.* men¬ 
ingococcal endotoxin 

2 mg.* meningococ¬ 
cal endotoxin 
+ 100 7 insulin 

Average per cent 
inhibition 

1 

535 

350 


28 


1 480 

380 




617 

375 



2 ] 

610 

400 


36 


580 

392 




596 

360 



3 

480 

310 


35 


500 

340 




470 | 

295 



4 

590 

480 

560 

Without insulin 

: 

610 

360 

640 

24; with insu¬ 


570 

1 440 

650 

lin 0 

__1 

550 j 

j 490 

540 



* In terms of solid content. 


tion of glucose utilization were carried out under the experimental condi¬ 
tions described by Colowick, Cori, and Slein.* The muscle extracts were 
kept in an ice box for 2 hours previous to the experiment in order to obtain 
maximal enzyme activity. The results expressed as micrograms of glucose 
utilized per reaction mixture are summarized in the table. 

Since under these circumstances the glucose utilization can be considered 
a measure of hexokinase activity, it was concluded that meningococcal 

* This investigation was supported jointly by the United States Navy Office of 
Naval Research and the University of Chicago. 

1 Kun, E., Proc. Soc. Exp. Biol, and Med., 66, 197 (1947). 

* The amorphous preparation of Zn-free insulin was kindly supplied by Dr. Chen 
of Eli Lilly and Company. 

* Colowick, S. P., Cori, G. T., and 81ein, M. W„ J. Biol. Ckem., 168. 688 (1947). 
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endotoxin inhibits this enzyme. Further studies with purified hexokinase 
are in progress. 

These experiments strongly suggest that the disturbances of the carbo¬ 
hydrate metabolism in meningococcal toxemic rabbits 4 and in meningococ- 
cic meningitis in humans reported by Fox, Kuzma, and Washman 5 can be 
explained by a direct effect of meningococcal endotoxin on enzymatic 
reactions in the host. 

Departments of Pharmacology and Medicine Ebnest Kun 

University of Chicago 
Chicago 

Received for publication, April 16, 1948 


4 Kun, E., and Miller, C. P., Proc. Soc. Exp. Biol, and Med., in press. 

1 Fox, M. J., Kuzma, F. J., and Washman, W. T., Arch. Int. Med., 79, 614 (1947). 




ANTIPERNICIOUS ANEMIA EXTRACTS ANDi TYROSINE 
METABOLISM IN THE SCORBUTIC GUINEA PIG 


Sirs: 

Swendseid, Burton, and Bethel 1 have shown that the pernicious anemia 
patient in relapse excretes large quantities of keto acid and hydroxyphenyl 
compounds (calculated as tyrosine). With the administration of ap¬ 
propriate liver extracts the level of excretion of these metabolites returned 
to the normal value simultaneously with the 'characteristic improvement 
in the blood picture. Since the scorbutic but not the normal guinea pig 


Liver extract injected 

Keto add excretion before and after Injection 

24 hrs. before 

24 hrs. after 

Per cent decrease per unit 

units 

mg. 

mg. 


16 

202 

159 

1.42 

20 

1 237 I 

172 

1.37 

20 

1 195 

135 

1.54 

20 

; 215 

186 

0.67 

Average. 



1.25 =fc 0.29 

7.6 

244 

! 199 

2.46 

7.6 

314 

265 

2.08 

15 

253 

208 

1.19 

22.5 

325 

156 

i 

2.31 


Average 


2.01 =fc 0.41 


exhibits the excretion of tyrosine metabolites when extra tyrosine is fed,* 
it is of interest to determine the effect of similar liver extracts. In pre¬ 
liminary experiments 3 in 1943 very striking positive results were obtained. 
More recently, additional detailed experiments have been performed. 
Scorbutic guinea pigs receiving 200 mg. of extra tyrosine per 100 gm. of 
body weight per day showed keto acid excretion values, as illustrated in the 
accompanying table. As also may be seen, the subcutaneous injection of 
antipemicious anemia preparations caused a marked reduction in the 
amount of keto acid excretion. Total phenolic (tyrosyl) values paralleled 
the keto acid values. With a given preparation the effect observed may 

1 Swendseid, M. E., Burton, I. F., and Bethel, F. H., Proc. Soc. Exp. Bid. and M$d. f 
62, 202 (1943). 

1 Basinski, D. H., and Sealock, R. R., J. Biol . Chem., 166, 7 (1946). 

1 Sealock and Basinski, unpublished. 
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be roughly correlated with the number of units injected. Other liver 
extracts yielded similar results, although correlation between extracts on 
the basis of unitage was relatively poor. Since the unitage of such prepara¬ 
tions may be uncertain, we have continued an investigation of the pro¬ 
cedure as an experimental and quantitative assay method for either the 
antipemicious anemia factor or other factors present and responsible for 
the observed effect. Under any circumstances, the extracts produce an 
effect on tyrosine metabolism similar in gross aspects to the effect of 
ascorbic acid and the more recently announced effect of pteroylglutamic 
acid. 4 However, they do not, as we have also observed, increase the 
in vitro oxidation of tyrosine by liver tissue, as do ascorbic acid 6 and pteroyl¬ 
glutamic acid. 6 

Department of Chemistry Robert Ridgelt Sea lock 

Iowa State College JeaM Fa pell Lepow 

Ames 
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4 Woodruff, C. W., and Darby, W. J., J. Biol. Chem. t 172, 861 (1948). 

* Lan, T. H., and Sealock, R. R., J. Biol. Chem. f 166,483 (1944). 

* Rodney, G., Swendaeid, M. E., and Swanson, A. L., Federation Proc. t 6, 419 
(1947). 



PYRIMIDINE DERIVATIVES AS ANTAGONISTS OF 
PTEROYLGLUTAMIC ACID 


Sirs: 

Pteroylgiutamic acid (PGA) has been assigned the r61e of the prosthetic 
group of an enzyme concerned with the synthesis of thymine 1 or thymine 
and purine 2 or their equivalents. In studies of a large number of pyrimidine 
derivatives, we have found an inhibition of the growth of Lactobacillus casei 
with PGA in the absence of purine to be a property of nearly all 2,4- 
diaminopyrimidines and their condensed systems, most 2-aminopyrimidine 


Compound 

_ .... . 

Antagonist added 

PGA 

Adenine 

Titer 


7 per ml. 

my per ml. 

7 per ml. 

ml. 0.1 H Per 10 ml. 

2,6-Diaminopurine 

0 

0.045 

0 

6.65 


0.1 

0.045 

0 

2.20 


5.0 

0.045 

0 

0.85 


0 

0.045 

1.0 

6.90 


5.0 

0.045 

1.0 

6.90 


0 

2.8 

0 

15.10 


0.1 

2.8 

0 

14.50 


0.5 

2.8 

0 

6.55 

2,4-Diamino-6,7- 

0 

0.045 

0 

7.35 

dimethylpteri- 

0.5 

0.045 

0 

5.75 

dine 

5.0 

0.045 

0 

2.95 


0 

0.045 

10 

8.30 


0.5 

0.045 

10 

7.75 


5.0 

0.045 

10 

5.30 


0 

2.8 

0 

15.10 


12.5 

2.8 

0 

15.10 


derivatives, and several 2-amino-4-hydroxypyrimidine systems, including 
pteridines. These compounds demonstrably become involved in several 
enzyme systems, as can be shown by studies of (1) the reversibility of the 
inhibition by PGA, (2) the reversibility by purines, and (3) the effects on 
growth with thymine. These studies appear to segregate several inde¬ 
pendently variable properties which vary in prominence from compound 
to compound but are possessed in some degree by all. For example, the 
inhibitions of both 2,4-diamino-6,7-dimethylpteridine and 2,6-diamino- 
purine can be shown to be reversed competitively by PGA or by purines 
under chosen conditions, but they differ in the proportionate amounts of 
the two metabolites required to reverse a given inhibition and the range of 

1 Stokes, J. L., J. Bad., 48, 201 (1944). 

1 Lara pen, J. 0., and Jones, M. J. # J. Biol. Chem. t 170, 133 (1947). 
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concentrations over which the reversals can be demonstrated. The action 
of the pteridine is reversible by PGA over a wide range of concentrations 
and by purines over a relatively restricted range, but with 2,6-diamino- 
purine the reversal by purines covers a much greater range of concentrations 
of antimetabolite than that by PGA (see the table). The 2-amino-4- 
hydroxypteridine derivatives, 2-aminopurine, and the 2-amino- and 2,4- 
diamino-6,7-dihydroxypteridines similarly produce inhibitions which are 
readily reversed by purines. However, these compounds cannot be con¬ 
sidered simply as antipurines, for they interfere minimally or not at all with 
the utilization of exogenous purine when the microorganisms are grown with 
thymine rather than with PGA. On the other hand, the diaminodimethyl- 
pteridine, which has been regarded primarily as a PGA antagonist, 1 has a 
considerable inhibitory effect on L. casei when the organism is grown with 
thymine and adenine. In this respect and in the reversals of the antagonism 
of PGA, 2,4-diamino-5-methyl- and 5,6-dimethylpyrimidines are inter¬ 
mediate in behavior between the diaminodimethylpteridine and the 
diaminopurine. 

The diaminopurine can be shown to be involved in at least two systems 
concerned with purine, for its effects are reversible equally well by adenine 
or guanine at low concentrations, but by adenine and not by guanine at 
higher concentrations. In view of the multiplicity of effects which these 
studies reveal, we feel that a certain amount of restraint in interpretation is 
called for. To regard any of these compounds as exhibiting a simple 
metabolite-antimetabolite relationship for a single enzyme system is a 
simplification which becomes acceptable only when other effects have been 
ruled out. 

Wellcome Research Laboratories George H. Hitchings 

Tuckahoe, New York Gertrude B. Elion 

Henry VandbrWerff 
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* Daniel, L. J., Norris, L. C., Scott, M. L., and Heuser, G. F., J. Biol . Chem. t 169, 
689 (1947). 



OBSERVATION ON THE UTILIZATION OF GLYCINE IN THE 
BIOSYNTHESIS OF HEMOGLOBIN* 


Sirs: 

In the course of experiments on porphyrin biosynthesis and degradation 
we have attempted to prepare tagged hemoglobin protoporphyrin with 
carboxyl-labeled glycine. It has been demonstrated that glycine serves as 
a nitrogenous precursor of protoporphyrin. 1 Recently it has been reported 
that the a-carbon of glycine is also utilized in protoporphyrin synthesis® 

One 10 kilo dog, made anemic by bleeding, received by stomach tube in 
three portions over a period of 3 days 100 mg. of glycine 3 labeled with C 14 in 
the carboxyl group (total activity 5 X 10 7 counts per minute). Samples of 
blood were obtained on the 11th, 14th, 20th, 37th, and 52nd days following 
administration. Crystalline protoporphyrin methyl ester 4 and globin 1 


Time 

Protoporphyrin methyl 
ester activity 

Globin activity* 

days 

e.p.m. par mg. 

e.p.m, per mg. 

11 

<0.1 


14 

<0.1 


20 


21.3 =fc 0.5 

37 

<0.1 

22.8 ± 1.5 

52 

<0.1 

' 21.5 db 1.0 


* The deviations shown are estimated from average deviations of duplicate 
samples. 


were obtained and the radioactivity measured with a thin walled Geiger- 
Muller counter. 6 The results are given in the accompanying table. No 
radioactivity was observed in the protoporphyrin. The globin showed an 
activity which has remained constant throughout the period of observation 
(up to 52 days). 

One rat of 100 gm. weight, kept on a protein-free diet, received by 
stomach tube in four portions during a period of 3 days 200 y of the same 
labeled glycine (total activity of 2.1 X 10 5 counts per minute). 20 days 

* Supported by grants from Mr. John Mosby and Mr. John Greenberg. 

1 Shemin, D., and Rittenberg, D., /. Biol. Chem., 169, 667 (1945). 

* Altman, K. I., Casarett, G. W., Masters, R. E., Noonan, T. R., and Salomon, K., 
Federation Proc ., 7, 2 (1948). 

1 We are indebted to Dr. R. B. Loftfield, Massachusetts Institute of Technology, 
for the synthesis of the labeled glycine. 

^ Grinstein, M., /. Biol . Chem., 167, 516 (1947). 

* Anson, M. L., and Mirsky, A. E., /. Oen. Pkyeiol. , 13, 469 (1930). 

l Kamen, M. D., Radioactive tracers in biology, New York, 175 (1947). 
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later the animal was bled to death, crystalline protoporphyrin methyl ester 
was prepared from the collected blood, and its activity was measured. 
Again no radioactivity was observed. The remaining total protein of the 
cells had an activity of 1.5 ± 0.2 counts per minute. 

These results show that the carboxyl carbon of glycine is not utilized in 
the protoporphyrin biosynthesis, but is incorporated into the globin 
molecule. 7 Further studies are in progress. 

Department of Internal Medicine and the Mallinckrodt Moists Gkinstbin 
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Washington University School of Medicine Carl V. Moore 
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7 The lack of utilization of glycine carboxyl in the formation of protoporphyrin has 
been observed independently by N. Radin, D. Rittenberg, and D. Shemin, private 
communication. 




THE EFFECT OF SULFONAMIDE IN THE DIET OF 
PREGNANT RATS ON ERYTHROPOIESIS 
IN THE FETUSES* 


Sirs: 

We have been attempting to produce an anemia in fetal rats by various 
techniques. The inclusion of sulfonamides in the diet of adult rats is 
known to produce an anemia which may be relieved by the administration 
of liver concentrates or folic acid. 1 An experiment attempting to produce 
an anemia in fetal rats by feeding the pregnant animals a diet containing 
succinylsulfathiazole gave anomalous results. 


Diet 


Basal. 

“ + folic acid 

Normal stock. 


Maternal blood 

No. of 
Utters 

t 

No. of 
fetal 
rats 

Hemo¬ 

globin 

Eryth¬ 

ro¬ 

cyte* 


10 * per 



per cent 

c.mm. 



10.05 

5.22 

7 

44 

14.70 

7.91 

4 

34 



5 

45 


Fetal blood 


Hemoglobin* 

Erythrocytes* 

gm. per cent 

10* per c.mm. 

12.67 

2.82 

(11.3-13.6) 

(2.41-3.46) 

10.60 

2.38 

(9.6-11.8) 

(2.08-2.74) 

10.40 

2.28 

(9.8-11.8) 

(2.01-2.42) 



* The figures in parentheses represent the range of the mean values of the litters. 


Two groups of female rats were kept on a basal synthetic diet containing 
1 per cent succinylsulfathiazole, the crystalline B vitamins, and vitamins A, 
D, E, and K; the diet of the control group was supplemented with 2 mg. of 
folic acid 2 per 100 gm. of food. After 10 days, the rats were mated. Di¬ 
rectly after birth, blood samples were obtained from the new-born and the 
maternal rats by heart puncture. The hemoglobin analyses and the 
erythrocyte counts are shown in the table. 

Although the expected anemia appeared in the maternal rats deprived of 
folic acid, surprisingly the fetal blood contained a higher concentration of 
hemoglobin than was found in the blood of the control fetal rats. A 


* This work was supported by a grant from the Foundation for Vision for the study 
of Retrolental Fibroplasia. 

1 Spicer, S. S., Daft, F. S., Sebrell, W. H., and Ashburn, L. L., Pub . Health Rep., 
U . S . P. H. S ., 57, 1559 (1942). Franklin, A. L., Stokstad, E. L. R. ; Belt, M., and 
Jukes, T. H., J. Biol. Chem ., 169, 427 (1947). 

* The folic acid used was about 85 per cent pure (Folvite powder, No. 7-7904). It 
was generously supplied by Dr. M. C. Lockhart of the Lederle Laboratories. 

769 






770 


LETTERS TO THE EDITORS 


statistical analysis of the data showed that the difference between the 
mean values for hemoglobin is significant, while that for the erythrocyte 
counts is of doubtful significance.* There appear to be no significant 
differences between the values for the control fetal blood and those for the 
blood of fetuses from mothers kept on a normal stock diet. 

It appears possible that the higher concentration of hemoglobin in the 
fetuses from the folic acid-deficient maternal rats may be due to a greater 
availability of hemoglobin precursors; e.g., iron. The maternal rat, being 
unable to utilize the hemoglobin precursors normally because of the relative 
deprivation of folic acid, may make the precursors more readily available 
for the fetuses. 

Harvard Medical School and the Martin B. Williamson 

Massachusetts Eye and Mubiel Appel 

Ear Infirmary 
Boston 

Received for publication, April 23,1948 


* When litters were taken as the statistical unit, the significance between the mean 
values for the hemoglobin was found to be P < 0.01, for the erythrocyte counts P — 
0.07 (“Student” t test). When single fetuses were used as the statistical units, the 
differences were all found to be highly significant. 



INHIBITION OF XANTHINE OXIDASE AND RELATED 
ENZYMES BY 6-PTERIDYL ALDEHYDE* 


Sirs: 

We have recently reported 1 the inhibition of xanthopterin oxidase and 
xanthine oxidase by synthetic pteroylglutamic acid (PGA). However, 
since an exceptionally pure sample 2 of PGA, which was later examined, 
possessed less than one-sixth of ther inhibitory power previously observed, it 
appears possible that the effect is due to traces of a contaminant. The 
observation by Lowry and Bessey 3 that 2-amino-4-hydroxy-6-pteridyl 
aldehyde, a primary photofission product of PGA, strongly inhibits 
pteridine oxidase suggests that this aldehyde may be the active inhibitor in 
the above enzyme systems. We have now found that the 6-pteridyl 
aldehyde, prepared by hydrolysis of PGA in sulfurous acid, 4 is on a molar 
basis 200 to 400 times more active as an inhibitor of xanthine oxidase 
(i.e. 10.005 to 0.02 y per ml.) than the folic acid preparations previously 
studied. 1 

A number of other oxidases related to xanthine oxidase are also strongly 
inhibited by 6-pteridyl aldehyde. It was mentioned that Lowry found 
that the enzymic oxidation of 2-amino-4-hydroxypteridine to iso¬ 
xanthopterin is inhibited by minute amounts of the pteridyl aldehyde. 
Xanthopterin oxidase from milk and liver is likewise inhibited by small 
amounts of pteridyl aldehyde. This substance exerts also a strong effect 
on quinine oxidase from rabbit liver. 6 A concentration of 0.4 y of pteridyl 
aldehyde per ml. reduces the quinine oxidase activity to about 30 per cent 
of that of the uninhibited sample. This observation may have pharmaco¬ 
logical interest inasmuch as human liver is reported to contain quinine 
oxidase. 

Uricase and triose phosphate oxidase were not inhibited by the addition 
of pteridyl aldehyde. 

The potency of 6-pteridyl aldehyde as an inhibitor is lost by addition of 
2,4-dinitrophenylhydrazine which reacts with the free aldehyde group. 

• Thifi work has been supported by grants from the Bonner Foundation, the 
Lederle Laboratories Division, American Cyanamid Company, the Rockefeller 
Foundation, the Carlsberg Foundation, and the Ella Sachs Plotz Foundation. 

1 Kalckar, H. M., and Klenow, H., J. Biol. Chem., 172, 349 (1948). 

1 Kindly furnished by Dr. T. H. Jukes, Lederle Laboratories Division, American 
Cyanamid Company. 

• Lowry, O. H., and Bessey, O. A., private communication. 

4 Hutchings, B. L., Stokstad, E. L. R., Mowat, J. H., Boothe, J. H., Waller, C. H., 
Angier, R. B., Semb, J., and SubbaRow, Y., Ann . New York Acad. Sc., 48, 273 (1946). 

• Knox, W. E., J. Biol . Chem ., 168, 699 (1946). 
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The inhibitory effect of various Folvite fractions is also extinguished by 
addition of diphenylhydrazine, indicating that the inhibitory component of 
these preparations might be caused by traces of 6-pteridyl aldehyde or re¬ 
lated compounds. Metalic zinc, which presumably reduces the pteridyl 
aldehyde, destroys the inhibitory potency. Irradiation of 6-pteridyl 
aldehyde, which is reported to yield pteridylcarboxylie acid,* likewise led to 
a disappearance of the inhibitory action. 

Milk and rat liver contain an enzyme which converts pteridyl aldehyde 
into a non-inhibitory substance which exhibits a somewhat higher fluores¬ 
cence than the original product. The nature of this conversion product is 
under investigation. We are inclined to believe that the previously re¬ 
ported enzymic transformation of pteroylglutamic acid 6 which manifests 
itself by a more or less complete loss in inhibitory potency towards xan¬ 
thopterin oxidase must be ascribed to an enzymic transformation of the 
traces of 6-pteridyl aldehyde presumably present in the folic acid prepara¬ 
tions used. 

The action of 6-pteridyl aldehyde on the oxidative breakdown of purines 
warrants further investigations as to the possible effects of this highly 
active inhibitor on purine metabolism in vivo . 

Institute for Medical Physiology Herman M. Kalckab 

Enzyme Research Division Niels Ole Kjeldqaard 

University of Copenhagen Hans Klbnow 

Copenhagen , Denmark 

Received for publication, April 28, 1948 


8 Kalckar, H. M., and Klenow, H., J, Biol. Chem ., 172, 351 (1948). 




THE EFFECT OF DINITROPHENOL ON THE INCORPORATION 
OF ALANINE LABELED WITH RADIOACTIVE CARBON 
INTO THE PROTEINS OF SLICES OF NORMAL AND 
MALIGNANT RAT LIVER* 


Sirs: 

Early experiments of Clowes and Krahl 1 indicated that dinitrophenol 
permits oxygen consumption and yet interferes with cell division of the sea 
urchin egg. Later studies of Hotchkiss* pointed to an interference of di¬ 
nitrophenol with phosphate uptake in respiring yeast. The recent work 
of Loomis and Lipmann* has identified the property of dinitrophenol to un¬ 
couple the interlocked processes of respiration and phosphorylation. 


DNP, molar con¬ 
centration 

Normal liver 

I 

Primary hepatoma 

Os consumption 

Alanine incorpora¬ 
tion, c.pjn. 

Os consumption 

Alanine incorpora¬ 
tion, c.pjn. 

0 

50, 57 

30, 32 


82, 

78 

285, 227 

1 X 10"* 

50, 49 

38, 

31 

89 


276 

5 X 10"* 

75 

17 


93, 

105 

172, 170 

1 X 10" 4 

70 

8.6 


101, 

98 

98, 94 

5 X 10" 4 

57, 51 

0.9, 

0.8 

32, 

19 

1.2, 1.2 

1 X 10"* 

53, 56 

0, 

0.5 

19, 

11 

1.5, 1.4 


Temperature 37°, pH 7.40, 100 per cent oxygen in the gas phase, incubation time 
3J hours. Oxygen consumption is expressed as microliters of oxygen consumed per 
30 minutes per 0.1 mM. BaCOj. The BaCOa is obtained by ninhydrin decarboxylation* 
of the amino acids present in hydrolysates of the slice proteins. The counts per 
minute (c.p.m.) are likewise expressed per 0.1 mM BaCOa, at 0.1 mM thickness of the 
BaCOa precipitate used for solid counting. Figures are given for duplicate vessels. 
Hepatomas were induced by feeding a diet containing p-dimethylaminoazobenzene. 

Dinitrophenol has thus been shown to interfere with the formation of en¬ 
ergy-rich phosphate bonds in a respiring system. 

Previous studies 4 have demonstrated that C 14 -carboxyl-labeled alanine 

* Aided by grants from the American Cancer Society (recommended by the Com¬ 
mittee on Growth of the National Research Council), Contracts N5ori-76 and 
N5ori-78, United States Navy Department, and the Godfrey M. Hyams Fund. This 
is Reprint No, 245 of the Cancer Commission of Harvard University. 

1 Clowes, G. H. A., and Krahl, M. E., J. Oen . Physiol. , 20, 145 (1936). 

1 Hotchkiss, R. D., in Nord, F. F., and Workman, C. H., Advances in enzymology 
and related subjects, New York, 4, 153 (1944). 

* Loomis, W. F., and Lipmann, F., J. Biol . Chem., 173, 807 (1948). 

4 Frantz, I. D., Jr., Loftfield, R. B., and Miller, W. W., Science, 106, 544 (1947). 

* Van Slyke, D. D., MacFadyen, D. A., and Hamilton, P., J. Biol. Chem ., 141, 671 
(1941). 


773 




774 


LETTERS TO THE EDITORS 


is incorporated into the proteins of surviving rat liver slices during incu¬ 
bation of the slices in Warburg vessels in a Krebs-Ringer-phosphate me¬ 
dium to which is added tagged DL-alanine. Little or no incorporation 
occurs if the incubation is carried out in an atmosphere of nitrogen. 

In the present work, it has been found that addition of dinitrophenol 
(DNP) to the above system inhibits the incorporation of alanine into pro¬ 
tein in both normal and tumor tissue, while permitting oxygen consumption 
to continue. The suggestion emerges that synthesis of alanine peptide 
bonds depends on a source of energy-rich phosphate donors. 

In higher concentrations (1 ‘X 10~* and 5 X lO"* 4 m) the DNP had an in¬ 
hibitory effect on respiration in the hepatoma slices, but little or none in 
the normal liver slices. 

A higher rate of incorporation of alanine into hepatoma protein than into 
normal liver protein was found, under conditions of the slice experiments. 
This latter finding will be discussed at greater length in a future communi¬ 
cation. 

Medical Laboratories of the Collis P. Huntington Ivan D. Frantz, Jr. 

Memorial Hospital of Harvard University , at Paul C. Zamecnik 

the Massachusetts General Hospital J. W. Reese 

Boston Mart L. Stephenson 

Laboratory for Nuclear Science and Engineering 
Massachusetts Institute of Technology 
Cambridge 

Received for publication, April 14, 1948 



THE ESTIMATION OF FATTY ACIDS OF INTERMEDIATE CHAIN 
LENGTH BY PARTITION CHROMATOGRAPHY* 

By MERLIN H. PETERSON and MARVIN J. JOHNSON 

(From the Department of Biochemistry , College of Agriculture , University of Wisconsin, 

Madison) 

(Received for publication, January 23, 1948) 

In 1942 Smith (1) demonstrated that the silica gel partition chromato¬ 
gram, first developed by Martin and Synge (2), would separate a mixture 
of formic, acetic, propionic, n-butyric, and n-vaieric acids in chloroform-1 
per cent butanol into its component acids. In 1945 Ramsey and Patterson 
(3) confirmed this work and presented a partition chromatographic method 
for the qualitative separation and identification of formic, acetic, propionic, 
and butyric acids. In 1946 Elsden (4) presented a method based on the 
work of Smith by which acetic, propionic, and n-butyric acids in biological 
materials can be quantitatively separated and estimated. 

Elsden’s method is limited in that the butanol-chloroform-water system 
he employs will not separate fatty acids having 5 or more carbon atoms. 
In an investigation of the rdle of fatty acids in Cheddar cheese flavor, the 
present authors found it necessary to develop a rapid method for the quan¬ 
titative estimation of formic, acetic, propionic, n-butyric, caproic, caprylic, 
and capric acids. By use of the system benzene-aqueous sulfuric acid in 
partition chromatograms such a method was devised and is presented here. 

Preparation of Partition Chromatograms 

The partition chromatograms used consisted of glass tubes packed with 
an inert filler (Celite 545, a coarse diatomaceous filter aid made by Johns- 
Manville) moistened with the non-mobile phase, which was water or aque¬ 
ous sulfuric acid. Various organic solvents were used as the mobile phase 
(developing solvent). 

Developing Solvents —The developing solvents used were thiophene-free 
benzene, a mixture of Skellysolve B and thiophene-free benzene containing 
2 per cent (by volume) of Skellysolve B, and two mixtures of butanol and 
chloroform containing 10 and 25 per cent (by volume) of butanol. These 
solvents will be called CB-10 and CB-25, respectively. Thiophene-free 
benzene was prepared by repeatedly shaking benzene with concentrated 
sulfuric acid at room temperature until the acid no longer acquired a color. 

* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by a grant from the National 
Cheese Institute. 
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The benzene was then washed with water, dried over pellets of sodium 
hydroxide, and filtered. 

Prior to use on any chromatogram all developing solvents were satu¬ 
rated with the non-mobile phase of that chromatogram. 

Chromatogram Tubes —Large chromatogram tubes, designated as macro 
chromatogram tubes, were made from Pyrex glass tubing having an inside 
diameter of 18 mm. These tubes were approximately 40 cm. in length and 
were constricted at one end to an inside diameter of 5 mm. A perforated 
porcelain disk bearing a thin pad of glass wool was lodged on the constriction 
and this served to support the column. At the bottom of the tube on the 
constricted end, a piece of Tygon tubing was used to attach a short piece 
of 6 mm. glass tubing as a deliveiy tip. A screw clamp was used to regu¬ 
late the flow of the developing solvent. 

Small chromatogram tubes, designated as micro chromatogram tubes, 
were made from Pyrex glass tubing having an inside diameter of 10 mm. 
These tubes were approximately 30 cm. in length, and developing solvent 
flow was controlled in the same manner as that of the macro chromatogram 
tubes. In the micro chromatogram tubes the column was supported by 
means of a thin pad of glass wool resting on a large glass bend lodged on 
the constriction of the tube. 

Packing of Chromatograms —The benzene-aqueous sulfuric acid macro 
chromatograms wore prepared as follows: To 40 gm. of ('elite 545 wore 
added 24 ml. of the non-mobile phase. This mixture was then rapidly 
mixed in a mortar with a pestle until a homogeneous powder was obtained. 
At this point developing solvent was added in sufficient amount to flood 
the mixture in the mortar completely. Cnless otherwise specified, the de¬ 
veloping solvent used in packing and developing all chromatograms here¬ 
after described was thiophene-free benzene saturated with the non-mobile 
phase present in the finished chromatogram. When strongly hygroscopic 
solutions of sulfuric acid arc used as the non-mobile phase, mixing the 
Celite 545 and the non-mobile phase in a mortar open to the atmosphere 
results in change of normality of the sulfuric acid prior to its introduction 
into the chromatogram. Once the column pack is covered with developing 
solvent saturated with a solution of sulfuric acid having the concentration 
desired in the non-mobile phase of the finished chromatogram, no further 
change in sulfuric acid normality occurs. In order to obtain a chromato¬ 
gram ready for use with the desired normality, the following procedure was 
used routinely in the preparation of both macro and micro chromatograms 
having sulfuric acid solutions as their non-mobile phases. To the Celite 
545 in a mortar was added the required amount of a sulfuric acid solution 
having a normality as much as one unit higher than the normality desired. 
This mixture was then mixed in the mortar for exactly 2 minutes, in which 
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time a homogeneous powder was always obtained. Immediately after 
mixing, a small sample (2 to 3 gm.) of the powder was rapidly transferred 
to a small tared, stoppered, weighing bottle, and the remaining Celite 545- 
sulfuric acid mixture was flooded with developing solvent saturated with a 
sulfuric acid solution having the normality desired in the non-mobile phase 
of the column. The weighing bottle was weighed and its sulfuric acid 
content determined by titration. Since the ratio of acid to ("elite 545 is 
known, the weight of absorbed water can be calculated. It was found by 
this procedure that 28 to 32 N sulfuric acid solutions dropped from 0.3 to 
0.5 normality unit during the 2 minute mixing period, 32 to 34 n solutions 
dropped from 0.5 to 0.8 normality unit, and 34 to 36 n solutions dropped 
from 0.8 to 1.2 normality units. Since this drop in normality varies not 
only with the time and intensity of mixing but also with the amount of 
moisture in the atmosphere, it was necessary to check final sulfuric acid 
normalities routinely in both macro and micro chromatograms by the pro¬ 
cedure described above. Subsequently an alternative procedure was found 
by which the normality of the sulfuric acid as the non-mobile phase of the 
chromatogram could be checked. This alternative procedure consisted of 
testing the separatory power of benzene-sulfuric acid chromatograms on 
known mixtures of pure fatty acids. 

Macro chromatogram tubes were packed as follows: The screw clamp at 
the bottom of the tube was closed, and a small volume of developing solvent 
was poured carefully down the side of the tube. This layer of liquid in the 
bottom of the chromatogram tube prevented disturbance of the glass wool 
pad by the initial addition of the packing slurry. This slurry, consisting 
of Celite 545, non-mobile phase, and developing solvent , was added in about 
ten approximately equal portions, with mechanical packing after each ad¬ 
dition. After the initial addition and prior to mechanical packing, the 
screw clamp at the bottom of the tube was opened, and the developing 
solvent flow was regulated as desired throughout the packing operation. 
Mechanical packing was accomplished by means of a glass rod flattened 
at one end until the diameter of the flattened part was slightly less than the 
inside diameter of the chromatogram tube. While in use the packing rod 
was continually rotated to prevent the formation of vertical channels in 
the column pack, ("are was taken to prevent packing the column so 
tightly that the flow rate desired during column development could not be 
obtained. Mechanical packing as described above continued until the 
height of the finished column was exactly 15 cm. above the supporting 
glass wool pad, with the top surface as level as possible. 

The preparation and packing of benzene-aqueous sulfuric acid micro 
chromatograms was identical with that for the macro chromatograms with 
the following exceptions. Approximately one-eighth the amount of pack- 
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ing slurry used in packing a macro chromatogram was required to pack a 
micro chromatogram. The final height of column above the glass wool 
pad was exactly 6 cm. 

During the packing and when not in use, the surfaces of all macro and 
micro chromatogram columns were kept covered with developing solvent. 
If sulfuric acid columns are allowed to stand more than a week, somcsul- 
fonation of the benzene may occur, increasing the blank titration of the 
effluent. 


Chromatographic Procedure 

Column Development —The chromatogram was drained of developing 
solvent until the point was just reached at which no liquid was apparent 
above the top surface of the column. The screw clamp was then closed 
and a suitable small volume of the sample to be analyzed was carefully 
pipetted onto the top of the column. The screw clamp was then partially 
opened and, starting at this point and continuing throughout the develop¬ 
ment of the column, small equal aliquots of the developing solvent were 
collected in calibrated test-tubes. In micro chromatogram analyses 1 ml. 
aliquots of developing solvent were collected; in macro chromatograms the 
aliquots were 5 ml. in volume. The rate of developing solvent flow for 
both micro and macro chromatograms was maintained throughout de¬ 
velopment of the columns at 1 ml. per minute by means of the screw clamp. 
After the fatty acid sample to be analyzed had just completely passed 
into the column, a 0.5 ml. aliquot of developing solvent was carefully added 
to the top of the column to rinse remaining traces of the sample into the 
column. After the rinse had just completely passed into the column, de¬ 
velopment of the chromatogram was carried out in the normal manner. 

Analyses —Effectiveness of separation by the chromatogram of the fatty 
acids in the sample analyzed was determined by titration of the developing 
solvent aliquots removed at the bottom of the chromatogram tube. To 
each aliquot was added twice its volume of neutral 95 per cent ethanol. 
These solutions were then titrated to the phenol red end-point with 0.1 n 
aqueous barium hydroxide from a burette calibrated at 0.01 ml. intervals. 

When chromatograms, having sulfuric acid solutions as their non-mobile 
phases, were used to separate known mixtures of fatty acids, it was found 
that recoveries of individual fatty acids as measured by direct titration 
were always high (105 to 160 per cent). This was due to a carry over of 
sulfuric acid in the developing solvent in the presence of fatty acid. It 
was found that the sulfuric acid present in the developing solvent from 
macro chromatograms could be completely removed, without change in the 
fatty acid content, by passage of the developing solvent through a glass 
delivery tube 6 mm. in diameter and 10 cm. long, packed with 0.5 gm. of 
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non-absorbent cotton. A similar cotton filter for micro chromatograms was 
made by using a piece of 4 mm. glass tubing packed with 0.2 gm, of cotton. 
The sulfuric acid absorption capacities of the 0.5 and 0.2 gm. cotton filters 
are 0.6 and 0.2 milliequivalents respectively. Since the passage of 1 milli- 
equivalent of fatty acid through a benzene-sulfuric acid (28 to 36 n) 
chromatogram causes the carry over of approximately 0.5 milliequivalent 
of sulfuric acid in the developing solvent, the total fatty acid content of 
the samples analyzed in sulfuric acid macro and micro chromatograms 
was kept less than 0.8 and 0.3 milliequivalents respectively. Even though 
it was possible with many fatty acid samples to make two or three analyses 
with the same cotton filter, routinely a fresh cotton filter was used for 
each column developed. 

Behavior of Faity Acids in Benzene-Aqueous Sulfuric Add System 

Benzene-Water System —In any partition chromatogram only compounds 
Having differing partition coefficients between the two immiscible phases 
can be separated. In the butanol-chloroform-water system the partition 
coefficients of the straight chain fatty acids having 4 carbon atoms or 
less differ sufficiently so that their quantitative separation and estimation 
are easily effected by the use of a silica gel partition chromatogram by this 
system (4). The same quantitative separation and estimation of n-butyric, 
propionic, acetic, and formic acids were found to be possible with a partition 
chromatogram prepared as previously described, but with water as the 
non-mobile phase and benzene as the developing solvent. With such a 
chromatogram, it is obvious that formic, acetic, and propionic acids can be 
quantitatively separated and estimated in the presence of any number of 
saturated fatty acids having 4 or more carbon atoms. 

In Fig. 1 the results of a typical separation of formic, acetic, propionic, 
and n-butyric acids on a benzene-water-Celite 545 micro chromatogram 
are presented. The fatty acid sample used was a 1 ml. sample of CB-10 
containing 100 micromoles of each of the four fatty acids. As may be seen, 
n-butyric, propionic, and acetic acids passed through the column in that 
order in the first 90 ml. of developing solvent and were completely sepa¬ 
rated. Formic acid remained fixed on the column and did not appear 
during the passage of 200 ml. of developing solvent through the chromato¬ 
gram. Recoveries of n-butyric acid and propionic acid were good, being 
98.2 and 97.3 per cent respectively. Acetic acid recovery was high (115.5 
per cent) because of the wide dilute solute zone it formed during its slow 
passage of the column. As a result formic acid recovery, calculated by 
difference, was low (89.0 per cent). 

By changing the mobile phase during the development of the water- 
Celite 545 chromatogram, it was found that acetic acid recovery was im- 
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Fia. 1. Separation of /t-butyric, propionic, acetic, and formic acids on a benzene- 
water-Celite 545 partition micro chromatogram. Titrations were made of 1 ml. 
aliquots of developing solvent from the base of the column. Recoveries of n-butyric, 
propionic, and acetic acids were 98.2, 97.3, and 115.5 per cent respectively. Formic 
acid remained fixed on the column and its recovery by difference was 89.0 per cent. 



Fia. 2. Separation of n-butyric, propionic, acetic, and formic acids on a water- 
Celite 545 partition micro chromatogram with three developing solvents. Titra¬ 
tions were made of 1 ml. aliquots of developing solvent from the base of the column. 
Recoveries of n-butyric, propionic, acetic, and formic acids were 98.6, 97.6, 100.9, 
and 102.5 per cent respectively. 
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proved and formic acid could be determined directly by titration. Fig. 2 
shows the results obtained when the experiment described in Fig. 1 was 
repeated with three developing solvents. As may be seen, after all the 
n-butyric and propionic acids had been removed by the passage of benzene 
through the column (30 to 40 ml.), CB-10 was substituted for the benzene 
and column development was continued. This developing solvent nar¬ 
rowed the acetic acid zone and rapidly eluted it from the column. After 
all the acetic acid had been removed, CB-10 was replaced by CB-25 which 
rapidly eluted formic acid from the column. With this modified develop¬ 
ment procedure, acetic acid recovery was good (100.9 per cent) and formic 
acid was determined accurately (102.5 per cent) by direct titration. 

At the end of an analysis water-Celite 545 chromatograms could be 
readied for further use by thorough washing with the original developing 
solvent (benzene). In this way water chromatograms were used two to 
three times without loss of performance, provided the column surfaces were 
kept covered with benzene between periods of use. 

Benzene-Aqueous Sulfuric Acid System —Failure of separation of n- 
butyric acid from caproic, caprylic, capric, and lauric acids was experienced 
w T ith the benzene-tvater chromatogram, since the partition coefficients 
(Cu/Cf) of these acids are too low to permit effective separation. Other 
solvent systems were therefore investigated by determination of the parti¬ 
tion coefficients of ??-butyric, caproic, caprylic, and lauric acids between 
their phases. 

The partition coefficients were determined by equilibration in 30 ml. 
glass-stoppered centrifuge tubes. Of the systems investigated, benzene- 
aqueous sulfuric acid appeared the most promising. Because preliminary 
results (Fig. 3) showed that the partition coefficients varied with fatty acid 
concentration, all coefficients were determined on fatty acid solutions 
which were 0.25 n in the benzene phase before equilibration with an equal 
volume of aqueous sulfuric acid. The coefficients were calculated as con¬ 
centration in the aqueous phase divided by concentration in the solvent 
phase. 

In Fig. 4 the partition coefficients at room temperature of n-butyric, 
caproic, caprylic, capric, and lauric acids between benzene and sulfuric 
acid solutions are given. As may be seen in Fig. 4 the concentrations of 
sulfuric acid between 28 and 3fi n appeared to hold the most promise for 
separation of these fatty acids in a benzene-aqueous sulfuric acid partition 
chromatogram. Low sulfuric acid concentrations, employed in partition 
chromatograms by Isherwood (5) to suppress ionization of carboxylic 
acids, have no large effect on partition coefficients. 

Benzene-sulfuric acid chromatograms were set up by the procedure pre¬ 
viously described, and their effectiveness in separating known mixtures of 
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fatty acids was determined. From the results obtained and the data 
presented in Fig. 4 the following was found, (a) Any of the fatty acids 
studied (n-butyric, caproic, caprylic, capric, and lauric) are appreciably 
delayed in a benzene-sulfuric acid chromatogram if the concentration of 
sulfuric acid used in the chromatogram is such that the partition coefficient 
of that fatty acid is at least 10. In order to estimate quantitatively by 
direct titration a fatty acid after it is removed from the column by further 
development with benzene, the partition coefficient should be less than 25. 
If the partition coefficient is greater than 25, the fatty acid will move so 
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Fig. 3. Partition coefficients of caproic acid between sulfuric acid and benzene at 
various caproic acid concentrations. 

slowly down, the column that its zone width at the base of the column will 
prevent accurate quantitative estimation by direct titration. ( b ) In 
order to separate completely any two of the fatty acids studied in a benzene- 
sulfuric acid chromatogram, the concentration of sulfuric acid used should 
be such that the partition coefficient of the faster moving fatty acid is 
less than 5, while the partition coefficient of the slower moving fatty acid 
is at least 10. 

Fig. 5 shows the relation between the position of maximum concentration 
of any fatty acid in the effluent of a chromatogram and the partition co¬ 
efficient of the fatty acid between the immiscible phases of the chromato¬ 
gram. By “position of maximum concentration” is meant the effluent 
volume at which the fatty acid reaches maximum concentration in the 
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effluent. As may be seen, this relationship is linear for both macro and 
micro chromatograms. The intercepts of the lines with the Y axis are ap¬ 
proximately equal to the volumes of mobile phase contained in the respec¬ 
tive columns at the time of sample addition. It is obvious that at least 
this volume of effluent must be collected before any fatty acid can appear 
in the effluent. 



Fio. 4. Partition coefficients of fatty acids between sulfuric acid solutions of 
varying normality and benzene. 

By the use of the data presented in Figs. 4 and 5 it is possible to prepare 
benzene-sulfuric acid chromatograms capable of quantitative separation 
of mixtures of any two or three of the following fatty acids: n-butyric, 
caproic, caprylic, and capric acids. Suppose, for example, that a mixture 
of n-butyric, caprylic, and capric acids is to be separated. From Figs. 
4 and 5 it may be seen that if a micro chromatogram containing 32.5 N 
sulfuric acid is used n-butyric acid, having a partition coefficient of 1000, 
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will remain on the column, while caprylic acid, having a coefficient of ap¬ 
proximately 10, will appear in maximum concentration in the 18th ml. of 
effluent. Capric acid, having a partition coefficient of about 2.5, will 
appear at approximately the 7th ml. of effluent. The caprylic and capric 
acids may be titrated in the effluent, while the n-butyric acid may be 
titrated after removal from the column with water, and steam distillation 
of the aqueous solution. 

It is apparent from the partition coefficients shown in Fig. G that with 



PARTITION COEFFICIENT 

Fig. 5. Position of fatty acid zone in benzene-sulfuric acid partition chromato¬ 
gram effluent as a function of the partition coefficient of the fatty acid between the 
phases of the chromatogram. Various fatty acids are designated as follows: n- 
butyric O, caproic A, caprylic I, and capric •. 

35 n sulfuric acid good separation of capric and lauric acids is possible on a 
sulfuric acid chromatogram with 2 per cent Skellysolve B in thiophene-free 
benzene as the developing solvent. It has been found that such a 
chromatogram makes possible the separation of capric acid from lauric, 
myristic, palmitic, oleic, and stearic acids. Attempts to separate these 
higher acids have not been successful, although it has been found that the 
use of pure Skellysolve B as a developing solvent for columns containing 32 
to 35 N sulfuric acid results in partial separation of adjacent pairs of these 
acids. Oleic acid passes through such columns without apparent change, 
since it may be quantitatively titrated in the effluent. 
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Estimation of Fatty Adds in Biological Materials 

For the routine estimation of free fatty acids in biological materials, a 
procedure involving the use of one macro separation column and three 
micro columns has been developed. This procedure is outlined below. 

Preparation of Sample —Three preliminary steps are necessary before 
partition chromatographic methods can be applied to the analysis of satu¬ 
rated fatty acids having as many as 10 carbon atoms in biological materials: 
(1) The fatty acids must be completely freed of extraneous material such 



Fig. 6. Partition coefficients of capric and lauric acids between sulfuric acid 
solutions of varying normality and benzene-2 per cent Skellysolve B. 

as proteins and fat. (2) A preliminary quantitative separation of the 
fatty acids into two groups must be made. (3) The fatty acids in each 
group must be obtained quantitatively in as small a volume of developing 
solvent as possible. 

To free the fatty acids of extraneous matter, a suitable sample of the 
biological material to be analyzed is adjusted to pH 2 with 5 per cent 
Bulfuric acid solution, and the free fatty acids liberated are extracted several 
times with equal volumes of ether. The fatty acids are removed from the 
ether extracts by several extractions with small volumes of dilute sodium 
hydroxide. The aqueous solution is concentrated, if necessary, to 100 ml. 
or less, brought to pH 2 with sulfuric acid, and extracted with three 10 ml. 
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portions of thiophene-free benzene. The residual aqueous solution, con¬ 
taining only lower fatty acids, is set aside. If necessary, the last traces of 
aqueous phase are separated from the benzene centrifugally and washed 
once with 6 ml. of fresh benzene. The benzene solution, 35 ml. or less in 
volume, is added, without previous saturation with sulfuric acid, to a 
macro column containing 33 n sulfuric acid. This column is developed 
with thiophene-free benzene. The separation obtained on this column is 
shown in Fig. 7. The curve in Fig. 7 was obtained with a fatty acid sample 
from Cheddar cheese. Similar results are obtained with known fatty acid 



Fig. 7. Separation of higher (capric and higher) and lower fatty acids (caprylic 
and lower) on a benzene-33 n sulfuric acid partition macro chromatogram. The 
source of sample was a 26 month-old raw milk Cheddar cheese. In practice, column 
effluent is collected until the capric and higher fatty acids have passed completely 
through the column; caprylic and lower fatty acids present are left on the column. 

mixtures. In practice, 5 ml. aliquots of column effluent are collected and 
titrated until the capric and higher acids have passed completely through 
the column. The caprylic and lower fatty acids present are left on the 
column, and the combined neutralized effluent fractions containing the 
higher acids are kept for later analysis. 

The contents of the column, including packing, are now removed and 
combined with the aqueous residues from the benzene extraction. The 
resulting suspension is brought to pH 8.5 to 9,5 with 10 n sodium hydroxide 
solution, and the benzene distilled off. After cooling, the residue is brought 
to pH 2 with sulfuric acid and the volatile acids distilled off by the mag- 
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nesium sulfate procedure of Friedemann (6). Before distillation the sus¬ 
pension is diluted with water to 275 to 300 ml., and 35 gm. of magnesium 
sulfate heptahydrate are added. Distillation is continued until magnesium 
sulfate crystallizes out. The distillate, which contains all of the lower 
fatty acids (caprylic and below) of the original sample, is titrated to the 
phenol red end-point with 0.1 n sodium hydroxide. This titration is a 
measure of the quantity of lower fatty acids present and is used in esti¬ 
mating the amount of sample required in subsequent chromatographic 
separations and analyses. The solution is concentrated to 10 to 15 ml., 
mixed with 0.2 to 0.3 gm. of Celite 545, and dried at 110°. After the addi¬ 
tion of a few drops of water, the mass is mixed to a uniform damp powder 
and extracted according to the method of Elsden (4). Powdered anhydrous 
sodium acid sulfate (3 to 4 gm.) is added until a fairly dry, pink powder is 
obtained. This powder is extracted six times with 4 ml. portions of 10 
per cent butanol in chloroform (CB-10). The combined extracts are 
diluted to 25 ml. and kept for later analysis. 

The neutralized benzene effluent, containing the higher fatty acids, is 
evaporated to dryness and extracted with CB-10 in the same manner as 
for the lower fatty acid fraction. 

Chromatographxj of CB-10 Extracts—An aliquot (2 ml. or less) of the 
extract containing the lower fatty acids is analyzed on a micro chromato¬ 
gram with water as the non-mobile phase. Thiophene-free benzene, CB-10, 
and CB-25 are used in turn as developing solvents. "As may be seen from 
Fig. 2, formic, acetic, and propionic acids appear separately, while butyric 
and higher acids appear as a single zone. Another aliquot of the same 
CB-10 extract is analyzed on a micro chromatogram in which the non- 
mobile phase is 30.5 n sulfuric acid and the developing solvent is thiophene- 
free benzene. In this column, caproic and caprylic acids appear as separate 
zones, while butyric and lower fatty acids remain on the column. Thus, 
formic, acetic, propionic, caproic, and caprylic acids are directly deter¬ 
mined. Butyric acid may be determined by difference or may be resolved 
as a separate zone with a benzene-27.5 n sulfuric acid micro chromatogram. 
Fatty acids containing an odd number of carbon atoms (aside from formic 
and propionic acids) have not been encountered. 

The CB-10 extract containing capric and higher fatty acids is used for 
the direct determination of capric acid with a micro chromatogram con¬ 
taining 35 n sulfuric acid. Thiophene-free benzene containing 2 per cent 
Skellysolve B is used as the developing solvent. On this column capric 
acid appears as a separate zone, while fatty acids higher than capric appear 
as a single zone and can be determined only as a group. 
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Table I 

Recovery of Individual Fatty Acids in Known Mixtures by Partition Chromatography 

Mixture I i Mixture II ! Mixture III ! Mixture IV 

Fatty acid -:-1-;-j. —..!--- 

atty add Fatty acid :Fatty acid Fatty acid Fatty acid Fatty acid Fatty acid Fatty add 
present | recovered | present j recovered | present | recovered | present recovered 

ticroeqmv-\microoquiv-microequiv-'microequiv-\microequiv-'microequiv^microequiv- microequiv¬ 
alents ! dents [ dents | alents j dents ; dents alents dents 


Formic.... 80 j 83.1 j 20 21.6 I 20 ! 20.9 j 110 115 

Acetic. 80 j 80.6 j 20 20.2 | 20 j 20.9 j 110 112 

Propionic.. 80 1 78.2 ( 200 197 20 | 19.0 | 20 19.6 

n-Butyric.. 80 j 79.7 | 20 21.4 j 20 j 19.9 j 110 110.5 

Caproic... 80 | 77.8 j 200 195 j 20 j 18.1! 20 19.1 

Caprylic.. 80 , 79.4 I 20 19.5 j 20 i 19.6 j 110 108 

Capric. 80 I 77.5 200 190 20 j 18.4 , 20 20.4 

Laurie. 80 j 1 50] j 

Myristic... 20M 50 * j 

Palmitic... 76.8 1 | ! 37.4 j 50> j 237 I > 189 

Oleic. I j 50 j I 200 

Stearic— J , 20J j 50 | 

I : 1 ' I 


Table II 


Recoveries of Fatty Acids Added to Butter Fat 




Butter Fat I* 




Butter Fat Ilf 




Fatty acid recoveries 


Fatty acid recoveries 


Fatty 

acid 

found 

Fatty add added j 

Total 

fatty 

acid 

found 

Recovery 
of added 
fatty 
acid 

Fatty 

acid 

found 

Fatty 

acid 

added 

Total 

fatty 

acid 

found 

Recovery 
of added 
fatty 
acid 


micro- 

equiv¬ 

alent'; 

i 

microequivdenls 

micro - 
equiv¬ 
alents 

Per cent 

micro- 

equiv¬ 

alents 

micro- 

equiv¬ 

alents 

mic ro- 
equiv- 
alents 

Per cent 

Formic 

0 

750 

778 

103.9 

0 

150 

154 

102.8 

Acetic 

o 1 

750 

744 

99.1 

1 0 

150 

148 

98.7 

Propionic 

0 

750 

726 

96.9 

o 

160 

146 

97.4 

n-Butyric 

.397 

750 

1178 

104.2 

381 

150 

532 

100.7 

Caproic 

146 

750 

852 

94.2 

153 

i 150 

297 

96.0 

Caprylic 

83.0 

750 

822 

98.5 

77.1 

150 

226 

99.4 

Capric 

130 

2000 

2026 

94.7 

128 

2000 

2070 

97.1 

Ci 2 and 

3268 

1000 (Laurie) i 

5104 1 

91.7 

3914 




higher 

1 

i 

1000 (Oleic) j 

j 




i 

! i 



Individual fatty acids to be recovered were added to separate samples of butter 
fat. 

t All fatty acids to be recovered were added to the same butter fat sample. 


Reliability of Method 

Recoveries on Known Mixtures —Known aqueous mixtures of the sodium 
salts of fatty acids have been subjected to the entire preparatory and 
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analytical procedure described above. The recoveries of individual fatty 
acids of four such mixtures are given in Table I. 

Butter Fat Analyses and Recoveries of Added Fatty Acids —In Table II 
fatty acid analyses and added fatty acid recoveries for two butter fat 
samples are presented. While no component acid analyses of these two 
butter fats by recognized methods are available for comparison, it may 
be noted that the results for individual fatty acids obtained by partition 
chromatography fall well within the normal limits of fatty acid analyses on 
butter fat (7). As may also be seen, recoveries of added fatty acids are 
adequate for most purposes. 


S VMM ARY 

1 . Sulfuric acid (27 to 35 n) is a better solvent for fatty acids of inter¬ 
mediate chain length than water, and hence may be used as the non-mobile 
phase in partition chromatograms for the analysis of fatty acid mixtures. 
By the use of both water and sulfuric acid partition chromatograms, quan¬ 
titative separation of formic, acetic, propionic, n-butyric, caproic, caprylic, 
and capric acids is possible. Higher fatty acids do not interfere. 

2. The partition coefficient data presented facilitate the design of parti¬ 
tion chromatograms for separation of any mixture of the above acids. 

3. Detailed procedure is given for the quantitative analysis of fatty 
acids in biological materials. For accurate analysis of any one fatty acid, 
more than 10 microequivalents of that acid must be pj-esent on the column. 

4. Fatty acids in known mixtures, or fatty acids added to butter fat 
samples, were recovered with a maximum error of 8 per cent. 

Addendum —After this paper had been submitted, a publication appeared (8) describ¬ 
ing a methanobisooctane partition chromatogram for the separation and determination 
of saturated fatty acids of intermediate chain length. Preliminary work has indi¬ 
cated that such chromatograms might be used in conjunction with the procedures de¬ 
scribed in the present paper. 
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THE DETERMINATION OF IRON IN SMALL VOLUMES OF 

BLOOD SERUM* * * § 
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(From the Division of Nutrition arul Physiology, The Public Health Research 
Institute of The City of New York, Inc., New York) 

(Received for publication, February 10, 1948) 

In an effort to find practical means of distinguishing iron deficiency 
anemias from other types in large population groups, an investigation was 
made of the possibility of measuring iron in an amount of blood serum ob¬ 
tainable from the finger. Iron deficiency anemias are characterized by 
low scrum iron, while other states of diminished hemoglobin formation 
show normal or even high values for serum iron (1-4). The prevalence of 
iron deficiency anemias in large population groups has not been widely 
investigated, owing partly to the difficulty of obtaining necessary quanti¬ 
ties of blood for analysis and partly to the troublesomeness of existing 
methods. Present methods require 1 to 10 ml. of blood serum and time- 
consuming techniques. 

Most widely used of the methods for iron in blood serum are those in¬ 
volving color reactions of ferrous iron with a, a'-bipyridyl (5, 6) or o- 
phenanthroline (4, 7) and of ferric iron with thiocyanate ion (1,8-10). Of 
these three reagents, thiocyanate ion appeared to offer advantages for a 
simple microprocedure. Both bipyridyl and o-phenanthroline require sev¬ 
eral steps for their use (pH adjustment and reduction of ferric to ferrous 
iron prior to color formation) which it is possible to avoid by using a thio¬ 
cyanate procedure. It has been found possible, with thiocyanate ion, to 
measure iron with satisfactory precision in 20 c.mm. of serum. In this 
method, which is described below, acid and thiocyanate ion are added as 
one reagent to the serum and the iron thiocyanate is extracted directly 
from the mixture with isoamyl alcohol. This avoids the preparation of 
serum filtrates and improves the extraction of iron from the serum proteins. 

In addition to a description of the procedure, illustrative data are pre¬ 
sented; viz., the daily and hourly variation in serum iron in several normal 
persons. 

* Aided by a grant from the Nutrition Foundation, Inc. 

t Present address, Department of Chemistry, Columbia University, New York. 

t Present address, Department of Pharmacology, Washington University School 
of Medicine, St. Louis. 

§ Present address, Department of Biological Chemistry, University of Illinois Col¬ 
lege of Medicine, Chicago. 
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EXPERIMENTAL 

Reagents —All water used is carefully redistilled from glass and stored 
in Pyrex glass-stoppered bottles. 

1. NH«SCN, 27 per cent. Traces of iron are removed by adding 0.05 
ml. of concentrated HC1 per 100 ml. and extracting with a 3:1 mixture of 
isoamyl alcohol and ethyl ether until no pink color is visible. Stored at 
4° this reagent is satisfactory for several months. 

2. Hydrochloric acid, 1.35 n, prepared from redistilled 6 N (constant 
boiling) acid. 

3. Isoamyl alcohol, redistilled, saturated with water, and stored at 4°. 
On the day used, to 10 ml. is added 0.1 ml. of 0.2 per cent H 2 O 2 prepared 
from 30 per cent H*0* (superoxol). 

4. Complete Veagent. Equal volumes of 27 per cent NH 4 SCN and 
1.35 nHCI are mixed for each series of determinations. • This reagent keeps 
not more than 2 hours. 

5. Standard iron solution. A stock, 100 mg. per cent, iron solution is 
prepared from iron wire (Bureau of Standards) by means of redistilled 
HC1 and a few drops of redistilled nitric acid. A working standard of 
200 7 per cent is prepared in 0.01 N HCI. 

6 . Ascorbic acid, 30 per cent in ethylene glycol. Warming to 60° is 
necessary to dissolve completely; higher temperatures result in discolora¬ 
tion. Preparation of fresh solution daily is recommended. 

Apparatus for 20 C.mm. of Serum — 

1 . Constriction pipettes 2 , 20, 60, and 90 cm ( 11 , 12) and two fine 
tipped constriction pipettes of about 80 c.mm. capacity for transferring 
samples in and out of the spectrophotometer cuvettes. 

2. Blood-collecting tubes. Melting point capillaries, 1.5 to 2.0 mm. 
outside diameter, 7 to 10 cm. long, e.g., No. 34500, Kimble Glass Company, 
Vineland, New Jersey. These and the serological tubes listed below are 
cleaned by boiling in half concentrated nitric acid, rinsing in distilled water, 
boiling in distilled water, rinsing finally with redistilled water, and dried in 
an oven at 45-50°. 

3. Serological tubes 6 X 50 mm.; e.g., Kimble, No. 45060. 

4. Wooden or plastic racks for tubes. 

5. Glass-stoppered flasks for reagents. These are cleaned in acid and 
rinsed thoroughly with distilled and glass-redistilled water. 

6 . Centrifuge fitted with cups suitable for small tubes. 

7. Beckman spectrophotometer adapted to small volumes (13). Micro 
cells of 2 to 2.4 mm. inner width are appropriate. 

8 . High speed hand drill with a flattened nail for violently agitating the 
samples to effect the extraction of the aqueous phase with isoamyl al¬ 
cohol (14). 
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Apparatus for OJSO ML of Serum — 

1 . Constriction pipettes, 0.015, 0.150, 0.45, and 0.6 ml., and two trans¬ 
fer pipettes of about 0.5 ml. capacity. 

2 . Blood-collecting tubes. Pyrex tubing 4 mm. outside diameter, 10 
cm. long; cleaned as described above. 

3. Sleeve stoppers (vaccine caps) for stoppering the blood-collecting 
tubes. The outside sleeve is cut off, and the inner core is used. No. 
1 A-66F, West Company, Phoenixville, Pennsylvania. 

4. Pyrex test-tubes, 5 ml. * 

5. Other equipment as described above. A Coleman junior (model 
6 -A) spectrophotometer with a special adapter may be used for this vol¬ 
ume (12). 


Procedure 

Collection of Samples —Special care must be taken to have the surface 
of the finger clean. It is then wiped with 80 per cent alcohol and incised 
with a new, clean, Bard-Parker scalpel blade (No. 11). The first drop of 
blood is discarded by wiping with a clean towel. The small samples, e.g., 
for 20 c.mm. of serum, are collected and sealed in the small capillary as 
previously described (15). Volumes up to 150 c.mm. of serum (300 c.mm. 
of blood) are more conveniently collected by the use of the larger tubes. 
By squeezing the finger this amount of blood is easily obtainable. If 
necessary, the hand should l>e warmed. The first f$w ram. of the dry end* 
of the tube arc coated with vacuum wax or vaseline and a vaccine cap firmly 
pressed into place after filling. The unwaxed end of the tube is closed by 
another cap. Before centrifuging, the cap on the waxed end of the tube 
is taped on with adhesive tape. After sealing, the samples are allowed to 
clot, are centrifuged, and the serum is collected at once and stored in 
iron-free tul>es, preferably frozen, until analyzed. 

Analyst *-Tt is, of course, necessary to work in rooms as free as possible 
from dust and to take every precaution to avoid contamination of samples 
and clean vessels by covering them whenever possible with dust-proof 
materials. To 20 c.mm. of serum in a 6 X 50 mm. tube are added 60 
c.mm. of the “complete reagent.” The sample is well shaken at once by 
tapping to obtain a finely divided precipitate from which iron can be ex¬ 
tracted. 90 c.mm. of isoamyl alcohol containing H 2 O 2 are added. The 
tube is covered with Parafilm, and mixed violently by vibration with the 
high speed motor and nail (“Apparatus,” item (8)). 

Blanks and standards are prepared at the same time by substituting 
either water or standard iron solution for the serum. 

The tubes are chilled in centrifuge cups to 4-10° and then centrifuged 
at 3000 r.p.m. for 10 minutes. Approximately 80 c.mm. of the upper 
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isoamyl alcohol layer are pipetted carefully into the Beckman cell with 
care to avoid contamination from the precipitate interface or from the 
water layer. (To clean the narrow Beckman cells, allow them to stand for 
10 or 15 minutes filled with 1 n HC1, rinse well with redistilled water, and 
dry with alcohol and ether. Finally, one of the reagent blanks is used 
for rinsing the cells.) With isoamyl alcohol in the reference cell, the optical 
density of the sample is read at 520 mu (i?i). The entire sample is re¬ 
moved from the cell with a fine pipette and delivered into a clean tube. 
2 c.mm. of the 30 per cent ascorbic acid reagent are added and the solution 
is mixed. After 10 to 60 minutes, the optical density of the solution is 
again measured (# 2 ). 

In practice, a series of samples is read, removed from the cells, and re¬ 
duced with ascorbic acid. The tubes are covered with Parafilm and al¬ 
lowed to stand until the completion of the original readings on a series. 
Then the optical density of the reduced solutions is determined. 

Calculation —Since the same pipettes are used for scrum and for iron 
standard solutions, the volume of the pipettes does not enter the calcula¬ 
tions. 

Ri — Ri = R x 

(Rx ~ blank) X 20 0 100 _ 

/Standard “ ftblank 90 ^ ° 


The factor 100/90 is introduced to correct for the incomplete recovery 
(90 per cent) of iron from serum. 

DISCUSSION 

Extraction of Iron from Serum —For the conversion of iron into a deter¬ 
minable form, two types of methods have been employed previously: 
( 1 ) ashing and ( 2 ) preparation of protein-free filtrates. The various ashing 
methods give total iron values for serum without correction for the possible 
contribution of iron due to hemolysis. Since hemolysis is likely to occur 
to a slight degree even under very favorable conditions, ashing methods 
for large numbers of samples were considered unsatisfactory. 

Methods depending on precipitation of the protein and removal of iron 
in the filtrate were found to be unsatisfactory on the micro scale. The 
recovery of added iron was low and irregular. It was found possible to 
obtain better recovery of iron and with fewer steps by adding acid and 
NH 4 SCN as one reagent to the serum and extracting the Fe(SCN)a di¬ 
rectly with isoamyl alcohol. Since irregularities in results were found when 
trichloroacetic acid was used to precipitate the proteins, it was omitted 
from the reaction mixture. The thiocyanic acid itself causes a considerable 
precipitation of the proteins. 
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The concentrations of HC1 and NH^SCN and peroxide were chosen to 
give maximal extraction of iron and color development and minimal blank 
values. Increasing any of these three reagents beyond the given concen¬ 
tration tends to cause an increase in the blank. 

Correction for Acid Hematin —In addition to Fe(SCN)», acid hematin is 



Wave length m/t 

Fio. 1. Absorption curves of isoamyl alcohol extracts of aqueous solutions: aoid 
hematin, acid hematin plus ascorbic acid, ferric thiocyanate, ferric thiocyanate plus 
ascorbic acid. 

unfortunately also extracted into isoamyl alcohol together with other un¬ 
known materials present in serum which absorb light at the wave-length 
used for measurement (520 mft). A means was, therefore, sought to 
eliminate, correct for, or reduce to a minimum this interference. 

Since acid hematin has an absorption 12 times greater at 400 mp than at 
520 mu (Fig. 1), it is possible to achieve an approximate correction for acid 



796 


DETERMINATION OF IRON IN BLOOD SERUM 


hematin by measuring the absorption of the isoamyl alcohol extracts at 
400 mp and calculating the contribution of hematin to the absorption at 
620 m ix. However, other materials extracted from serum make the proper 
correction factor somewhat uncertain and, therefore, this procedure un¬ 
satisfactory. 

The selective destruction of the color of Fe(SCN ) 3 without changing the 
absorption of the interfering materials was another possibility. The addi¬ 
tion of ammonia decolorized Fe(SCN ) 3 but also caused a change in the 
color of acid hematin. Reagents such as stannous chloride and sodium 
arsenite reduced the Fe(SCN ) 8 but proved unsatisfactory for other rea¬ 
sons. However, it was found that minute quantities of ascorbic acid rapidly 
reduced Fe(SCN )3 in isoamyl alcohol solution and that acid hematin was 
not affected, particularly in the 500 m/i region (Fig. 1 ). A 30 per cent 
solution of ascorbic acid in ethylene glycol proved to be a satisfactory re¬ 
ducing agent because of the low volatility of the solvent and the relatively 
small volume of solution required for the reaction. 

In addition to acid hematin there may be a slight contribution to the 
blank from other substances present in serum. These substances show min¬ 
imal absorption at 520mju (Fig. 2). Although the absorption of Fe(SCN ) 3 
is somewhat less than its maximum at this wave-length, absorption at 520 
m/i was chosen as best for the serum iron measurements in order to keep 
the blank values as low as possible. 

The difference curves (Fig. 2) furnish further evidence that only 
Fe(SCN)s is changed by reduction with ascorbic acid. The absorption 
curves for Fe(SCN ) 3 extracted from serum and for the same extract after 
addition of ascorbic acid were measured between 420 and 660 m m. The 
difference curve represents the change in absorption on reduction. This 
difference curve is compared with a difference curve calculated from the 
absorption curve of Fe(SCN) 3 . It can be seen that the actual and cal¬ 
culated difference curves nearly coincide. 

Standards and Recoveries —Proportionality of the Fe(SCN)* color pro¬ 
duced at low concentrations of iron in the micromethod is satisfactory 
(Fig. 3). Iron standards containing 95, 184, and 328 y per cent of Fe were 
used in 20 cm quantities (19,37, and 66 m 7 of Fe per sample) for these 
measurements. 

Similar concentrations of iron standards were added to serum for re¬ 
covery experiments (Table I). Whether or not the reagent stands in 
contact with the serum before extraction with isoamyl alcohol seems to 
make no significant difference in the recovery, which averaged 89 per cent 
(Table I). Additional tests have shown that recovery was not increased 
by allowing the serum to stand with one-fourth its volume of 6 n HC1 for 
16 minutes prior to the addition of NH 4 SCN and isoamyl alcohol. The 
peroxide is added to convert and maintain iron in-the ferric (III) state. 
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Reproducibility —Separate samples of blood from each of four fingers of 
the same hand taken in consecutive order were analysed in triplicate 
(Table II). The standard deviation among the twelve analyses was 3.6 
y per cent, which agrees with other replicate analyses. The agreement 
between the averages for each finger is about that expected from the 
standard deviation, which suggests that the method of obtaining blood 
from the finger need not introduce additional errors. This is borne out by 
comparison of analysis on blood serum from the finger and from the vein 



400 450 500 550 

Wave length rryi 


Fig. 2. Absorption curves (Curve A) of Fe(SCN)i extracted from serum with 
isoamyl alcohol and (Curve B) of this extract reduced with ascorbic acid and differ¬ 
ence curves obtained by subtracting the values for Curve B from Curve A and by 
calculating the difference curve from the absorption curve of Fe(SCN)i. 

(Table III). It is indicated in Table III that simple cleansing of the 
finger with alcohol is more effective in preventing contamination of the 
sample than attempting to coat the finger with vaseline, etc. 

Daily and Hourly Fluctuation* —Fig. 4 records the hourly variations ob¬ 
served in the serum levels of three subjects during three morning periods. 
In each instance the subjects had been without food for about 15 hours 





798 


DETERMINATION OF IRON IN BLOOD SERUM 


prior to the test to avoid possible alimentary effects. Bather marked 
fluctuations were observed without any definite trend. The greatest 



Fig. 3. Curve showing proportionality between the concentration of iron in stand¬ 
ard solutions and the optical density of the reaction product (Fe(SCN)a) as measured 
in the isoamyl alcohol layer. 


Table I 

Recovery of Iron Added to Serum 


Treatment 

Serum Fe, 
initial 

Added Fe 

Total Fe, 
found 

Recovery 


y per 100 ml. 

y per 200 ml. 

7 per 100 ml. 

per cent 


serum 

serum 

serum 

Standing with reagent 15 min. 

54 

100 

141 

87 

before addition of isoamyl al¬ 

53 

202 

234 

90 

cohol 

50 

396 

400 

89 

Reagent followed immediately 

48 

100 

134 

86 

by isoamyl alcohol extraction 

48 

202 

234 

91 


48 

396 

400 

89 


change in any one 3 hour period was 40 7 per cent, the smallest was 6 , 
and the average was 20 7 per cent. In no case, however, did any sample 
fall below 65 or rise above 122 7 per cent. Heilmeyer and Pldtner ( 4 ) 
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have reported a decrease in serum iron after 6 hours fasting, with a subse¬ 
quent rise of 25 per cent after 24 hours. Changes in the serum iron levels 
also occur on different days, as noted by Skouge ( 2 ) and more recently by 
H 0 yer (16). The latter describes a fall in serum iron from morning to 
evening of an average of 42 y per cent, and daily and weekly average varia- 


Tablk II 

Serum Fe in Consecutive Samples of Finger Blood 


1 

Finger 1 

Finger 2 

Finger 3 

Finger 4 

Fe, y % 

94 

94 

92 

102 


98 

98 

94 

100 


96 

89 

96 

94 

Average. 

96 

94 

94 

99 

“ 12 analyses. 



i 

96 

Standard deviation. 



i 

3.6 


Table III 

Comparison of Iron in Blood Serum from Vein and Finger 


Source of serum 

i 

Fe 

y per 100 ml. 

99 

107 

112 

Source of Serum 

j 

Fe 

! 

Vein | 

| 

1 

j 

! Finger coated witR mineral 
j oil 

i 

y per 100 ml, 

185 

139 

141 

1 

Average .j 

106 

j 

138 

! 

Finger cleaned with alcohol ; 

113 

i 

! Finger coated with vaseline 

128 

i 

113 

j 

127 

i 

i 

120 

—I i 


Average 

115 


128 


tions of 30 7 per cent. Vahlquist (3) obtained 36 y per cent lower serum 
iron at 6.00 p.m. than at 8.00 a.m. on fifteen male subjects. 

Periodically during a period of J month, at 11.00 a.m., blood serum was 
obtained from each of four adult women and analyzed for iron by the pro¬ 
posed micromethod. The individual averages were 92,94,100, and 109 y 
per cent. The standard deviations were, respectively, 24,23,23, and 21 y 
per cent (Table IV). The lowest value observed was 60 and the highest 
155 7 per cent. No correlation of the iron values with the menstrual cycle 
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Subject No. 1 




Subject No.5 


16IR day 
let day 

9.60 10.60 11.60 12.60 

Time of sampling 

Fia. 4. Hourly serum iron levels in fasting subjects 
Table IV 


Serum Fe Determinations on Four Subjects During 1 Month 


Time interval 

Subject A 

Subject B 

Subject C 

Subject D 

days 

7 per 100 ml. 

7 per 100 ml. 

7 per 100 ml. 

7 per 100 ml. 

1 

126 

90 

110 

78 

5 

64 

120 

155 

m 

7 

76 

94 

140 

138 

10 

81 

127 

91 

117 

12 

96 

107 

98 

130 

14 

136 


96 

100 

17 

83 

73 

64 

127 

19 

118 

72 

76 

111 

21 

90 

60 

110 

123 

24 

73 

111 

81 

80 

26 

77 

8$ 

100 

128 

28 

73 

93 

85 

73 

31 

101 



118 

Average. 

92 

94 

100 

110 

S*D. 

db24 

±23 

=fc23 

±21 


120 

80 

40 
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was observed. These averages and fluctuations concur with the data in 
the literature obtained with macro serum iron methods. 

It is apparent from these measurements and those in the literature that 
the serum iron levels may imdergo considerable hourly and daily variation. 
This must surely be taken into account in interpreting data designed to 
reveal nutritional status with respect to iron. On the basis of knowledge 
now available on the subject, the following conclusions seem reasonable. 
Serum iron values less than 00 y per cent are rarely found in well nourished 
persons and, therefore, in the absence of infection or other pathology (17) 
such low values can probably be interpreted as indicating an iron de¬ 
ficiency. Conversely, values above GO y per cent indicate an adequate iron 
supply. Since factors other than iron supply lead to rather wide fluctua¬ 
tions in serum values, such analyses cannot be safely used to estimate iron 
intake except on a rather rough scale. This limitation notwithstanding, 
serum iron analysis, if a suitable method were available, would seem to 
provide a useful and practical means of determining the occurrence of iron 
deficiency in large population groups. It is felt possible that the proposed 
micromethod may serve this function. 

SUMMARY 

1 . A simple method is described for the determination of iron in 20 c.mm. 
of blood serum with ferric thiocyanate as the colored compound measured. 
Iron added to serum is consistently recovered to the extent of about 90' 
per cent. The standard deviation of replicates is 3 to 5 y per cent. Since 
blood serum from the finger can be used and since one analyst can perform 
twenty-five to fifty analyses in a day, the method appears suitable for 
nutritional surveys. 

2. Hourly variations in serum iron values averaging 20 y per cent were 
observed during 3 hour periods for three well nourished persons. The 
variations over a period of a month for four adult women were greater but 
seemed to be restricted within the limits of 60 to 155 y per cent. Even 
with this variation it is felt that, since serum iron of less than 60 y per cent 
is rare among well nourished persons, serum iron analysis by the method 
described provides a useful and reliable means for determining the occur¬ 
rence of iron deficiency in large population groups. 
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Investigations conducted by Lepkovsky and his coworkers (1), Cart¬ 
wright et ah (2), Schweigert and Pearson (3), and Rosen, Huff, and Perl- 
zweig (4) indicate that pyridoxine plays a r61e in the conversion of 
tryptophan to niacin derivatives in rats, mice, and swine. Rosen, Huff, 
and Perlzweig observed that in pyridoxine-deficient rats the urinary excre¬ 
tion of N l -methylnicotinamide after ingestion of tryptophan did not return 
to normal levels even after 2 weeks of refeeding with pyridoxine. They 
suspected that certain permanent changes might have occurred to the pyri¬ 
doxine-deficient rats which impaired the conversion mechanism. The ques¬ 
tion still remains whether the transformation occurs in the intestinal tract 
by bacterial synthesis or metabolic processes in the animal body. Kohn 
(5, 6), Handler (7), and their collaborators have shown that when niacin 
was ingested by human subjects, or added to the blood in vitro , it was 
quickly synthesized into pyridine nucleotides (coenzymes I and II) by the 
red blood cells. Therefore, it was thought of interest to investigate the 
effect of intravenous injection of tryptophan on the fluctuation of total 
pyridine nucleotides in the erythrocytes in normal and pyridoxine-deficient 
rats. 


EXPERIMENTAL 

Three lots of albino rats were used in this study. These were eighteen 
young adult males weighing between 203 and 258 gm, at the beginning of 
the experiments, twelve females weighing between 261 and 283 gm., and 
ten young males between 72 and 98 gm. in weight. One-half of the adult 
animals of each sex was given the pyridoxine-deficient diet and the other 
half the control diet. Of the young animals, seven were made deficient and 
three served as controls. All of these animals were kept in individual cages 
with food and water supplied ad libitum . 

Pyridoxine deficiency was induced by omitting pyridoxine from the diet 
and including the antivitamin desoxypyridoxine (8, 9). The composition 

* Supported in part by granta-in-aid from the Nutrition Foundation, Inc., New 
York, and the Milbank Memorial Fund, New York. 
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of the pyridoxinc-deficient diet is given in Table I. The control diet was 
the same except that 500 y of pyridoxine hydrochloride were included per 
100 gm. of diet. 

The young male rats began to show signs of acrodynia after being on the 
pyridoxine-deficient diet for about 5 weeks. The paws became reddened, 
squamous, and swollen, and the region about the nose was red and eroded 
with inflammatory secretion. Several of the young rats developed a scaly 
tail. Loss of appetite and emaciation were generally noted among these 
deficient animals. At 7 weeks, some of the adult males on the deficient 
diet also developed typical dermatitis. Most of the deficient animals ex¬ 
hibited nervousness and fright, and one of them died of motor paralysis 


Table I 

Composition of Pyridoxine-Deficient Diet 


Ingredients 

jpcr 100 gm. 

Ingredients 

Per 100 gm. 


| gm. 

! 

mg. 

Casein, vitamin-free, Labco 

I 18.0 

p-Aminobenzoic acid 

10 

Salt Mixture IV* 

j 4.0 


7 

Sucrose 

; 72.7 

Thiamine hydrochloride 

400 

Corn oil 

| 5.0 

Riboflavin 

300 

L-Cystine 

! 0.3 

Ca pantothenate 

2500 

Choline chloride 

j 0.1 

Folic acid 

100 


j mg. 

Biotin 

20 

a-Tocopherol 

15 

Desoxy py ri d oxi ne 

2000 

Inositol 

: 20 


drops 


! 1 
i i 

Oleum percomorphum 

15 


* Hegsted, D. M., Mills, It. C., Elvehjem, C. A., and Hart, E. B., J. Biol. Chem., 
138, 459 (1941). 


preceded by ataxia. Several others succumbed to pneumonia and septic 
infections. The main feature on autopsy of pyridoxine-deficient rats was 
marasmus and generalized atrophy of the lymphoid tissues. In order 
to keep these rats alive and maintain the deficient state for study, des- 
oxypyridoxine was withdrawn from their rations and its casein content 
increased to 25 per cent after the 7th week of the experiment. 

Determination of total pyridine nucleotides in the erythrocytes was made 
by the alkali-acetone condensation method of Levitas et al. (10), somewhat 
modified for the use of a small quantity of blood specimen. 0.4 ml. of the 
whole blood was laked drop by drop in a small test-tube containing 0.8 ml. 
of a 25 per cent trichloroacetic acid solution and 2.8 ml. of distilled water. 
After standing for about 2 minutes, the mixture was centrifuged and filtered, 
and 03 ml. of the filtrate was used for each tube in the analysis according 
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to the original method described by the above authors. Readings were 
made in a Lumetron fluorometer with the quinine sulfate standard (0.3 y 
per ml.); the galvanometer was set at 100 . Hematocrits were determined 
simultaneously, mostly in duplicate, with Van Allen micro hematrocrit 
tubes. 

Separate determinations of fluorescent material in the plasma and in the 
erythrocytes were made on several samples taken from two animals before 
and after the injection of tryptophan. It was found that the plasma con¬ 
tains only one-tenth to one-fifteenth, with an average of 9 per cent, of the 
total fluorescent material in the whole blood. Hence, when whole blood' 
was analyzed, the fluorescent material in the erythrocytes was computed 
by subtracting 9 per cent from the value obtained with the whole blood. 
This was found to be in agreement with the values determined directly from 
washed erythrocytes in the subsequent experiment. The fluorescent mate¬ 
rial per ml. of erythrocytes was calculated from the hematocrit obtained 
at each period. The recovery values of 0.5 7 of N 1 -methylnicotinamide 
added to the blood filtrate were in most instances 38 divisions per micro¬ 
gram on the Lumetron fluorometer, which was similar to those reported by 
Levitas el al, Therefore, the diphosphopyridine nucleotide-N l -methyl- 
nicotinamide proportionality factor, 15/38 = 0.4, seems to be applicable 
and was used in the computation of total pyridine nucleotides in the eryth¬ 
rocytes and expressed as diphosphopyridine nucleotide (DPN). 

In the experiment on the pyridine nucleotide synthesis by erythrocytes 
following the injection of niacin, the pyridine nucleotide content in the red 
blood cells was determined from erythrocytes washed several times with 
Ringer’s solution and resuspended in the Ringer’s solution to 1 ml. volume. 
This suspension was laked in trichloroacetic acid solution and analyzed in 
the manner described above, and the pyridine nucleotide per ml. of eryth¬ 
rocytes calculated from the hematocrit. 

N^Methylnicotinamide in the urine was determined by the fluorometric 
method of Huff and Perlzweig ( 11 ). Xanthurenic acid excretion in the 
urine was measured by the photometric method described by Rosen, Huff, 
and Perlzweig (4) based on the green ferric salt formation in the alkaline 
urine suggested by Lepkovsky el al, (1). 

Fluctuation of Total Pyridine Nucleotides in Erythrocytes after Intravenous 
Injection of Tryptophan in Normal and Pyridoxim-Deficient Rats —1 ml. of 
a freshly prepared sterile solution of n-tryptophan containing 50 mg. per 
ml., in 0.12 n NaOH, was injected into the tail vein of the rat. About 
0.5 to 0.7 ml. of blood specimen was taken by heart puncture just before 
and every 2 hours after the injection of tryptophan, and total pyridine 
nucleotide and hematocrit determined. The results of the nucleotide de¬ 
terminations are summarized m Fig. 1 . In the normal group, some of the 
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a nima l s died of heart puncture due to pericardial hemorrhage before com¬ 
plete data were obtained. It is interesting that the mortality of heart punc¬ 
ture from pericardial hemorrhage was higher among the normal than the 
pyridoxine-deficient rats. 

In the normal rats, after intravenous injection of tryptophan, the pyridine 
nucleotide level began to rise in 4 hours, reached its peak between 8 and 10 
hours, and decreased gradually thereafter to near its initial level after 24 
hours. The results of separate analysis of plasma and red blood cells in¬ 
dicated that the plasma portion of the fluorescent material did not increase 



Fig. 1 . The effect of tryptophan and niacin injections upon the erythrocyte DPN 
level in normal and pyridoxine-deficient rats. Each point represents the average of 
the values obtained from five rats in the upper three curves and from three rats in 
the lower two curves. 

after the injection of tryptophan, but rather tended to be slightly lower 
than the initial levels as more blood was withdrawn. Apparently, any in¬ 
crease in the fluorescent material in the blood after injection of tryptophan 
was in the erythrocytes and not in the plasma. 

The pyridoxine-deficient animals had a low average initial level of pyri¬ 
dine nucleotides in the erythrocytes, and in contrast to the rise in nucleo¬ 
tides observed in nonnal animals after the tryptophan injection, there was 
a slight decline, probably due to the loss of blood. 

The average initial hematocrit was 47.6 for the nonnal, and 46.6 for the 
pyridoxine-deficient rats. The hematocrit decreased at an average rate of 
approximately 7 per cent its total value after each heart puncture, and 
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there was no significant difference between the normal and the pyridoxine- 
deficient groups of animals. 

Response of Pyridoxine-Deficient Rats to Injection of Pyridoxine on Res¬ 
toration of Their Ability to Convert Tryptophan into Nicotinic Acid Deriva¬ 
tives—The effect of subcutaneous injection of 1 mg. of pyridoxine 
hydrochloride 1 hour prior to the intravenous injection of 50 mg. of L-tryp- 
tophan in the pyridoxine-deficient rats was examined. After the injection 
of pyridoxine, the animals immediately increased their appetite and began 
to feed prodigiously. Blood specimens taken just before the injection of 
tryptophan gave an average initial value of pyridine nucleotides in the 
erythrocytes between those of the normal .and the deficient rats without 
previous injection of the vitamin. The highest average level was reached 
8 hours after tryptophan was administered and maintained at a relatively 
high level even after 24 hours. Apparently, with the increased appetite, 
sufficient tryptophan was obtained from the casein (25 per cent) in the diet 
to keep the pyridine nucleotides at this high level. 

Synthesis of Pyridine Nucleotides by Erythrocytes Following Subcutaneous 
Injection of Niacin in Normal and Pyridoxine-Deficient Rats —This experi¬ 
ment was conducted to determine whether pyridoxine deficiency has any 
influence on the synthesis of pyridine nucleotides from niacin by the eryth¬ 
rocytes in the rat. Since Handler and Kohn (7) found that free niacin was 
more effective than niacinamide for the coenzyme synthesis by human 
erythrocytes, the free vitamin was used in this investigation. 1 ml. of a 
sterile solution containing 10 mg. of nicotinic acid was injected subcutane¬ 
ously into each of the normal and pyridoxine-deficient rats. The pyridine 
nucleotides in the erythrocytes were determined with the washed red blood 
cell suspension as described above. The results of both normal and the 
deficient groups are shown in Fig. 1. It will be seen that in both instances 
the response to niacin injection came earlier than after injection of trypto¬ 
phan to normal rats, or after injection of pyridoxine and tryptophan to the 
deficient rats. 

Urinary Excretion of -Methylnicotinamide —The excretion of this me- 
talmlite was first determined oh a group of young rats after 7 weeks on the 
deficient diet. The average 24 hour excretion as measured from a 4 day 
collection of urine ranged between 17.2 to 39,4 y for the five pyridoxine- 
deficient rats, and from 43.5 to 510 y for the three controls. The intra¬ 
venous injection of 50 mg. of n-tryptophan in the control animals produced 
an increase in excretion to 328 y per 24 hours compared to 92 y prior to 
injection. Deficient animals given 1 mg. of pyridoxine before the trypto¬ 
phan injection excreted 421 y per 24 hours compared to 71 y previous to 
the injection. The subcutaneous injection of 10 mg. of niacin caused the 
excretion of N^methylnicotinamide to increase from 93 to 595 y per 24 hours 
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in the control animals compared to an increase from 71 to 1193 y in pyri¬ 
doxine-deficient animals. These figures are the average obtained with 
three or four animals in each case. 

Xanthurenic Add Excretion in Pyridoxine Deficiency —The xanthurenic 
acid excretion by three pyridoxine-deficient rats with an average daily food 
intake of 5.0,3.5, and 8.5 gm. each was 0.59,0.66, and 1.08 mg. respectively 
per 24 hours. The ration contained 25 per cent casein which yields 1.3 
to 1.4 per cent of tryptophan (12, 13) and would provide approximately 
17, 12, and 30 mg. of L-tryptophan respectively per day. When 150 mg. 
of DL-tryptophan along with 3 gm. of the ration were fed to each one of these 
rats, they excreted 13.44, 3.52, and 15.40 mg. of xanthurenic acid respec¬ 
tively per 24 hours. The excretion ceased abruptly after subcutaneous in¬ 
jection of 1 mg. of pyridoxine, but reappeared 48 hours later in one of the 
animals which excreted only 3.52 mg. in the first 24 hQurs after feeding 
tryptophan. 


DISCUSSION 

The present investigation reveals that intravenous injection of 50 mg. of 
L-tryptophan to normal rats induced a significant rise in total pyridine 
nucleotides in the erythrocytes which reached a peak 8 to 10 hours after 
the injection. The average maximal increase at 8 hours after the injection 
was 23 per cent over the initial levels. Calculated from the average weight 
of the rats and assuming their blood volume to be 6.4 per cent (6.2 to 6.7 
per cent) 1 (14-16) and the average hematocrit at 8 hours to be 34.5 per cent, 
an erythrocyte volume of 7.1 ml. is obtained. This would account for a maxi¬ 
mal increase in the erythrocytes of 230.8 y as DPN or 46.2 y as niacin per 
rat. It is reasonable to suppose that pyridine nucleotides are taken up 
by the tissues as they are synthesized, partly stored, and partly utilized in 
the metabolic processes, and then excreted as metabolites. Also a consid¬ 
erable portion of the converted niacin may be excreted in the urine as the 
free vitamin.(3). Hence, no estimate of the amount of the injected tryp¬ 
tophan being converted into niacin can be made. 

In the pyridoxine-deficient rats, intravenous injection of tryptophan 
caused no increment in the pyridine nucleotide content of the erythrocytes. 
The difference between the normal and the pyridoxine-deficient groups of 
animals 8 hours after the injection was 43.6 ± 16.2 y as DPN per ml. of 
erythrocytes. The difference was more than twice the sum of the standard 
errors and was, therefore, statistically significant. Similar results were ob- 
tained by Rosen (4) and by Schweigert (3) and their respective coworkers 
by the measurement of urinary excretion of N^methylnicotinamide and ni- 

1 Our own data, 6.6 per cent of the body weight determined with Evans blue (T- 
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acin after the feeding or injection of tryptophan. Handler (17) suggested 
that “this defect in the metabolism of tryptophane in pyridoxine-deficient 
rats may be related to the demonstrated functioning of pyridoxine deriva¬ 
tives in decarboxylase and transaminase systems” as indicated by the in¬ 
vestigations of Bellamy (18),Gunsalus (19),Umbreit (20), Schlenk and Snell 
(21), Lichstein (22), and their respective coworkers. 

However, subcutaneous injection of 1 mg. of pyridoxine 1 hour prior to 
the injection of tryptophan Jo pyridoxine-deficient rats gave results similar 
to those found in normal animals. The highest increase in pyridine nucleo-, 
tide content of the erythrocytes was 28.6 per cent over the average initial 
level. The erythrocyte volume calculated from the average weight and 
the hematocrit at 8 hours after the injection (42.3 per cent) was 6.0 ml. 
This would give a total maximal increment in the erythrocytes of the whole 
rat of 230.4 y as DPN, or of 46.0 y as niacin as against the 230.8 y as DPN, 
or 46.2 y as niacin found in the normal rats. Although the normal and 
the deficient animals differ considerably in their average weight and eryth¬ 
rocyte volume, the calculated average maximal increase per rat after the 
injection of tryptophan was almost equivalent in both groups when 1 mg. 
of pyridoxine was given to the deficient ones. These results suggest that 
the injection of pyridoxine to the deficient rats immediately restored their 
ability to convert tryptophan into niacin derivatives. 

Anderson (23), Axelrod (24, 25), Dann (26), Kohn (27, 28), and their 
respective collaborators have found that, while factor V (coenzyme I) and 
the tissue niacin levels in muscle, liver, etc., decreased following the di¬ 
minished intake of niacin in the diet, the coenzyme content in the erythro¬ 
cytes was very little affected by the lowered intake. This was true with 
man and various species of animals, dogs, swine, chicks, etc. In the present 
investigation, it was found that the pyridoxine-deficient rats had a low pyri¬ 
dine nucleotide content of the erythrocytes. Therefore, it may not be amiss 
to presume that the pyridoxine-deficient rats suffer even greater privation 
of the coenzymes and niacin derivatives in the tissues than niacin-deficient 
animals. The findings of Rosen et ah (4) of a continued low urinary excre¬ 
tion of N 5 -methylnicotinamide long after refeeding pyridoxine to the de¬ 
ficient animals may be explainable in that the niacin derivatives formed 
from tryptophan were, to a great extent, synthesized into pyridine nucleo¬ 
tides and distributed in the tissues and the blood to restore and maintain 
their normal levels rather than excreted in the urine. The rapid growth and 
recovery of body weight after refeeding with pyridoxine cause swift gains 
in the masses of body tissues, and would further increase the storage of 
niacin derivatives and tryptophan in the body. These factors make it un¬ 
derstandable that as long as the deficient animals are gaining in weight afteF 
restoration of pyridoxine to their diet much smaller amounts of metabolites 
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of niacin are excreted than by normal rats fed equal quantities of trypto¬ 
phan. 

The prompt responses of normal rats to the injection of tryptophan and 
the Bimilar responses by pyridoxine-deficient animals to the combined in¬ 
jection of pyridoxine and tryptophan make it seem unlikely that intestinal 
flora are concerned in this conversion. 

Subcutaneous injection of 10 mg. of niacin to normal and pyridoxine- 
deficient rats induced about the same amount of nucleotide synthesis by 
the erythrocytes and the excretion of large quantities of N'-methylnicotin- 
amide in the urine in both groups. There was no significant difference in 
the reaction to the injection of niacin in normal and deficient animals. 
Hence, it may be inferred that pyridoxine derivatives are not involved 
in the synthesis of pyridine nucleotides from niacin. 

The injection of 10 mg. of niacin resulted in a smaller increment in the 
pyridine nucleotides in the erythrocytes, but a greater urinary excretion 
of N^methylnicotinamide than was found after intravenous injection of 
60 mg. of L-tryptophan. These facts suggest that the injected vitamin was 
quickly removed from the blood stream and excreted in the urine as the 
methylated product, whereas* the niacin derivatives formed in the body 
from tryptophan were better utilized for synthesis of coenzyme and a higher 
percentage of it was preserved in the animal body. Approximately from 
8 to 27 per cent of the injected niacin was recovered from the urine as 
N^methylnicotinamide in the next 48 hours following the injection. This 
agrees with the findings of Rosen, Huff, and Perlzweig (4). Schweigcrt 
and Pearson (3) found that a considerable portion of niacin was excreted as 
the free vitamin. Knox and Grossman (29) reported that in man about 10 
per cent of the administer'd nicotinamide was isolated from the urine as 6- 
pyridone. 

The urinary excretion of N’-methylnicotinamide after the injection of 
50 mg. of L-tryptophan did not increase as much as when 100 mg. of dl- 
tryptophan were fed orally to the rats by Rosen et al . (4). Schweigert and 
his coworkers (30) pointed out that tryptophan is rapidly removed from 
the blood of both normal and B 6 -deficient rats after injection and, there¬ 
fore, less niacin was formed than when the same amount of the amino acid 
was fed to the animals. 


SUMMARY 

1 . The changes of total pyridine nucleotide levels in the erythrocytes 
after intravenous injection of 50 mg. of L-tryptophan to normal and pyri¬ 
doxine-deficient rats showed that there was a significant rise in normal rats 
but no increase when the same injection was made to pyridoxine-deficient 
animals. 
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2 . Subcutaneous injection of 1 mg. of pyridoxin© hydrochloride to pyr- 
idoxine-deficient rats 1 hour prior to the injection of tiyptophan incited 
prompt response and the increment in the pyridine nucleotide content of 
the erythrocytes was the same as in normal rats. This indicates immediate 
recovery of the animal’s ability to convert tryptophan into niacin deriva¬ 
tives. 

3. The response to intravenous tryptophan occurred as early as 4 hours 
and reached its peak from 8 to 10 hours after the injection, suggesting 
that bacterial synthesis in the intestine is not concerned in this conversion. 

4. In contrast to the results after tryptophan injection, normal and 
pyridoxine-deficient rats showed no significant dMTerence in pyridine 
nucleotide synthesis by the erythrocytes after injection of niacin. Hence, 
it may be deduced that pyridoxine derivatives are not involved in the 
synthesis of pyridine nucleotide from niacin. 

Thanks are due to Dr. P. S. Sarnia, Dr. R. E. Olson, Dr. A. Lapi, and 
Dr. Jane Worcester for helpful suggestions concerning this research. We 
are indebted to Merck and Company, Inc., Rahway, New Jersey, the 
Com Industries Research Foundation, New York, Sheffield Farms Com¬ 
pany, Inc., New York, and the Research and Development Department, 
General Foods Corporation, Hoboken, New Jersey, for generously furnish¬ 
ing various supplies used in these studies. 
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THE DECARBOXYLATION OF l-FHENYLALANINE BY 
STREPTOCOCCUS FAECALIS R* 

Bt R. W. McGILVERYf and PHILIP P. COHEN 
(From the Laboratory of Physiological Chemistry , University of Wisconsin, Madison) 

(Received for publication April 5, 1948) 

Gale (1) and Epps (2) have'reported the properties of an enzyme obtained 
from various strains of Streptococcus faecalis which deearboxylates tyrosine 
and dihydroxyphenylalanine. Both of these authors reported that the 
enzyme preparations, whether made by washing the whole organism, by 
drying the cells with acetone, or by further purification procedures, were 
specific to the above two amino acids. 

In the course of studies in which we were employing an acetone powder 
of Streptococcus faecalis R as a reagent for the estimation of tyrosine in the 
presence of other amino acids, we noticed that under certain conditions the 
medium apparently contained more tyrosine than the amount originally 
added. Upon investigation, this proved to be due to a concomitant decar¬ 
boxylation of phenylalanine by the decarboxylase preparation. 

The culture of the organism and the preparation of the acetone powder 
have been previously described (2). We employed a medium containing 
30 gm. of casein acid hydrolysate (Stearns, amino acids 20 per cent solution), 
10 gm. of glucose, and 5 gm. of dried yeast extract (Difco) per liter, suffi¬ 
cient dipotassium phosphate being added to bring the pH up to 6.0. The 
organism was grown at 37° for 16 hours. 

All measurements were made with the Warburg apparatus at 38° with 
nitrogen as the gas phase, the acetone powder being added from the side 
arm as a suspension in 0.3 m citrate buffer, pH 5.4. The main compart-* 
ment contained the substrates in the same buffer. The L-phenylalanine 
employed gave no color with the Millon’s test for tyrosine. 

Fig. 1 illustrates the decarboxylation of 16 micromoles of L-phenylalanine 
by 50 mg. of the acetone powder. The reaction is 98 per cent completed 
in 6 hours under these conditions. In similar experiments, 60 mg. of the 
enzyme preparation caused 100 per cent decarboxylation of the amino acid 
in the same time. 

We could demonstrate no effect of the presence of L-phenylalanine on the 
decarboxylation of L-tyrosine by the preparation (Fig. 2), even though 40 
micromoles of L-phenylalanine were added as compared to 5 micromoles 

* Aided in part by a grant from the Wisconsin Alumni Research Foundation. 

t National Institute of Health Senior Research Fellow. 
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of tyrosine. The low activity with phenylalanine, approximately 0.01 
that obtained with tyrosine, coupled with the inability to saturate the 
enzyme with tyrosine because of the latter’s insolubility, makes it difficult 
to show whether the two reactions are additive. 

Since our purpose was not to attempt to embellish the excellent kinetic 
studies of Gale and Epps, but rather to point out a source of error in employ¬ 
ing the enzyme preparation in the specific analysis of tyrosine, we have not 
pursued the purification further, and cannot say whether tyrosine decar- 



Fig. 1. Decarboxylation of L-phenylalanine, The main compartment contained 
16 micromoles of L-phenylalanine in 2.5 ml. of 0.3 m citrate buffer at pH 5.4. 50 mg. 
of acetone powder suspended in 0.5 ml. of citrate buffer were added from the side arm 
at zero time; incubated at 38° with nitrogen as the gas phase. 

boxylase also decarboxylates phenylalanine, or whether a second decar¬ 
boxylase is present in the acetone powder. In an experiment in which 50 mg. 
of the acetone powder produced 218 microliters of CO* in 1 hour from 
L-phenylalanine, no decarboxylation of L-alanine, L-tryptophan, or L-proline 
could be demonstiated. 

In order to identify the end-product of the reaction, 1.0 gm. of DL-phenyl- 
alanine and 2.0 gm. of acetone powder were incubated with 500 ml. of 0.3 
m citrate, pH 5.4, at 38° for 7 hours. The mixture was made alkaline by 
the addition of 50 ml. of 50 per cent NaOH, and extracted with three 250 
ml. portions of ethyl ether. The ether was separated, washed with 100 ml. 
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of water, and dried 3 days over anhydrous sodium sulfate. The ether was 
removed and the salt washed with anhydrous ether. The combined extract 
and washings were evaporated in vacuo, yielding a viscous brown oil, 
weighing 207 mg. The oil was treated with excess benzoyl chloride in 
alkali in the usual manner, and the solid which separated was filtered off 



Fig. 2. Decarboxylation of n-tyrosine in the presence of L-phenylalanine. O, 
the main compartment contained 5 micromoles of n-tyrosine in 3.0 ml. of 0.3 m citrate 
buffer, pH 5.4. •, the main compartment contained 5 micromoles of tyrosine and 
40 micromoles of i,-phenylalanine in 3.0 ml. of the citrate buffer. 5 mg. of acetone 
powder suspended in 0.5 ml. of citrate buffer were added from the side arm at sera 
time; incubated at 38° with nitrogen as the gas phase. 

and washed with alkali and with water. It was recrystallized from an 
alcohol-water mixture, yielding 195 mg.‘ of white crystals, melting at 
114-115°. The benzoyl derivative was hydrolyzed in boiling 2 n NaOH, 
the hydrolysate extracted with ether, and the ether removed by distillation. 
The resultant oil was then treated with excess benzene sulfonyl chloride, 
the insoluble sodium salt precipitating. The reaction mixture was made 



816 , DECARBOXYLATION OP L-PHENYLALANINE 

acid, and extracted with ether. The ether was evaporated, and the result¬ 
ant ofl recrystallized twice from alcohol-water mixtures, the initial impure 
yellow crop of raystals (m.p. 60-63°) being discarded. The once recrystal¬ 
lised second crop of transparent leaflets melted at 64.6-65.5°, which was 
raised to 66-66.5° upon the second recrystallization. The two products are 
evidently N-09-phenylethyl)benzamide and N-(/9-phenylethyl)benzene- 
sulfonamide, respectively. 


SUMMARY 

The decarboxylation of L-phenylalanine by an acetone powder of Strepto¬ 
coccus faecalis R is reported. 
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THE UTILIZATION OF VITAMIN A IN VARIOUS CARRIERS 
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(Received for publication, Match 1, 1948) 

At present, the vitamin A content of oils is evaluated by spectrophoto- 
metric methods. To ascertain whether the vitamin oil has been oxidized 
to any extent, the extinction coefficient is determined at 300 mp on the 
slope of the vitamin A absorption curve as well as at the absorption maxi¬ 
mum at 328 mp. The ratio of these two values, 2?ufm. 300:328 mp (1), 
is taken as an index of the oil quality, 0.73 being generally accepted as the 
maximum ratio which a good oil may have (2, 3). Halpem (4) found that 
the increase of the ratio Ey£ nu 300:328 mp is due to the formation of a 
new maximum at about 280 mp which steadily increases during the oxida¬ 
tion of vitamin A oils. The ratio E 280:328 mp is more indicative of 
oxidative changes in vitamin A oils than is the ratio E x ^m. 300:328 m p. 

Fridericia (5) found in 1924 that lard heated in thin layers and then,, 
along with butter fat, fed to rats would destroy the vitamin A in the butter 
fat. Later, this observation was confirmed by many investigators. Lease 
ei al . (6) used the liver storage technique in rats to determine the action of 
rancid fats upon the action of vitamin A. They found that when the 
peroxide number of lard was increased to 4 less vitamin A was stored, and 
at values of 11 or 30 only small amounts were retained in the liver. In 
general, the destructive action increased with the peroxide number. Dyme 
cl al. (7) obtained similar results. They attributed the destructive action 
of rancid fats not only to peroxides but also to other decomposition products 
of fats. 

The state of dispersion in which vitamin A is fed also affects its utiliza¬ 
tion. Halpem and Biely (8)^ found that vitamin A is better utilized in 
chicks when fed as a water emulsion than in a vegetable oil carrier. Like¬ 
wise Sobel et al. (8) made the same observation with rats in tests on vita¬ 
min A storage in liver. A similar finding was reported on feeding carotene 
to rats (9). 

The present study was carried out to investigate the influence of hydro¬ 
peroxides and of the spectrophotometric extinction ratios of vitamin A oils 
upon the utilization of vitamin A in chicks. Vitamin A oils with different 
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spectrophotometric extinction ratios were investigated. They were dis¬ 
solved in various vegetable oils with various peroxide numbers and also 
dispersed in water to form emulsions. Two series of biological experiments 
were carried out, one with New Hampshire pullet chicks, the other with 
white Leghorn cockerel chicks. 

EXPERIMENTAL 

Preparation of Vitamin A Oils —Crayfish liver oils of about 8000 to 10,000 
units of vitamin A per gm. were selected for the experiments. Five differ¬ 
ent oils were used during Series 1 and 2 of feeding experiments. Their 


Table I 

Physicochemical Characteristics of Crayfish Liver Oils 



Oil 1 

Oil 2 

Oil 3 

Oil 4 

Oil 5 

Vitamin A estimate at 328 m* on whole oil, units 

8160 

9000 

8300 

8020 

10,115 

Ratio 260:328 him. 

0.326 

0.738 

0.328 

0.383 

0.533 

“ “ 280:328 . 

0.420 

0.807 

0.422 

0.474 

0.613 

“ “ 300:328 “. 

0.690 

0.883 

0.691 

0.690 

0.770 

14 “ 350:328 “. 

0.574 

0.565 

0.570 

0.578 

0.570 

Vitamin A estimate at 325 m* on unsaponi- 
fiable fraction, units 

8330 

8271 

it.;. V ^ 1 

8330 

7955 

9790 

Ratio A'j;V 260:325 m M . 

1 0.236 : 

0.330 

0.230 

0.265 

! 0.262 

“ “ 280:325 “ . 

0.347 ! 

0.446 

0.358 | 

0.362 

0.367 

“ 300:325 “ . 1 

0.656 ! 

0.728 i 

0.659 j 

0.681 

0.674 

“ “ 350:325 “ . 

0.466 i 

0.478 | 

0.480 i 

! 0.498 

0.493 

Peroxide value. 

0.0 

16.7 ! 

0.8 

8.0 

! 27.5 

Free fatty acid, c /[ . j 

0.23 

0.67 | 

0.30 

I 

0.60 

. 

0.92 


physicochemical characteristics are listed in Table I. Of the oils used for 
the first experiment, Oil 1 was freshly prepared from selected fresh livers, 
and Oil 2 was blended from two grayfish liver oils which had undergone con¬ 
siderable oxidation during long storage. Oils 3,4, and 5 were used in Series 
2 of feeding experiments. Oil 3 M as the freshly prepared grayfish liver oil 
used in Series 1. During the 5 months between the experiments it was kept 
deaerated and stabilized at — 25°. The spectrophotometric characteristics of 
this oil did not change significantly during this period. Grayfish liver Oils 
4 and 5 were prepared from commercial oils by bubbling air at about 85° 
until the desired peroxide values were reached. A comparatively high 
peroxide value can be obtained by this method without affecting the spec¬ 
trophotometric values. As control oil, reference cod liver oil was used in 
Series 2. 
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Before blending, all oils were deaerated in a vacuum, saturated with car¬ 
bon dioxide, stabilized with 0.05 per cent mixed tocopherols, and stored 
under nitrogen. Oils 1 and 2 contained in addition 0.1 per cent soy bean 
lecithin. 

The spectrophotometric determinations were carried out with a Beck¬ 
man spectrophotometer. The analyses on the unsaponifiable fraction were 
made by using essentially the method of User et al. (1). The isopropanol 
used in the procedure was purified by refluxing with NaOH and zinc dust, 
and was subsequently distilled. The iodometric determinations of peroxide 
values were made according to the method of Lea (10). 

Vitamin A estimates carried out on the unsaponifiable fraction were 
used in preparing the blends. In this way the absorption of the saponi¬ 
fiable portion and of a part of the oxidized vitamin A was eliminated (4). 
Moreover, it was found by Halpem (4) that the absorption of the unsaponi¬ 
fiable fraction apart from vitamin A remains fairly constant during 
oxidation of vitamin A oils of high potency. The potency estimates of 
fresh grayfish liver oils were approximately equal on the whole oil and on the 
unsaponifiable fraction. The difference, however, increases with oxidized 
oils because of increased absorption of the saponifiable fraction. 

The potency of grayfish liver Oil 1 was found to be higher on the unsaponi¬ 
fiable fraction than on the whole oil. The analyses were repeated three 
times in duplicate, always with the same result. It must be assumed, there¬ 
fore, that this particular grayfish liver oil contained substances which » 
slightly depressed the absorption at 328 m/x on the whole oil. The dif¬ 
ference did not appear in Oil 3, probably because of a slight increase in ex¬ 
traneous absorption at 328 m/x on the whole oil during storage at —25°. 

Preparation of Vegetable Oils In Series 1 of feeding experiments fresh 
and oxidized sunflower seed oils were used (Table IT). The fresh oil was 
a commercial product with a peroxide value of 2.75; the oxidized oil was 
an old oil w ith a peroxide value of 9.0, and for the purpose of the experiment 
it was further oxidized by bubbling air at 90° until a peroxide value of 17.9 
was reached. In Series 2 three different cottonseed oils were used. The 
fresh oil was very carefully selected, but it was not possible to obtain an oil 
free from peroxides. Oil 3 was a freshly refined cottonseed oil. Cotton¬ 
seed Oils 4 and 5 were commercial oils oxidized by bubbling air at 90°. 
All vegetable oils were stabilized with 0.05 per cent of mixed tocopherols, 
deaerated in a vacuum, saturated with C0 2 , and stored under nitrogen. 

Preparation of Blends —The oils were blended under an inert gas to the 
desired potencies. The water emulsions for Series 1 were prepared without 
any fatty emulsifying agent. A 1 per cent solution of methocel (400 centi- 
poise-Dow methyl cellulose, pharmaceutical grade) was used. The metho¬ 
cel solution was deaerated and saturated w ith carbon dioxide; 0.05 per cent 
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of gallic acid was added as antioxidant, and the solution was blended with 
the calculated amount of grayfish liver oil in a Waring blendor under an 
inert gas. The emulsions were fairly stable when kept in a cool place. 


Table II 

Peroxide Values and Per Cent Free Fatty Acid of Vegetable Oils 


Oil No. 

Oil 

Peroxide 

value 

Free fatty 
acid 

1 

Sunflower Becd oil, commercial product 

2.75 

percent 

0.3 

2 

“ “ “ old, oxidized 

17.90 

0.5 

3 

Cottonseed oil, freshly refined 

2.00 

0.1 

4 

“ “ commercial, oxidized 

9.10 

0.6 

5 

tt tt a n 

45.00 

0.4 


Table III 

Results of Series 1 of Feeding Experiments 






Growth of chicks 




Fed 1 cc. 






Total 







Group No. 

every 

Description 




Average 

mor- 

2nd day 


37 days 

44 days 

51 days 

of Groups 
a and b, 

tality 



[ 




51 days 



units per 
cc. 


gm. 

gm. 

gm. 

gm. 


la 

50 

Vitamin Oil 1 

326.0 

383.9 

400.1 

474.7 

1 

lb 

150 

In vegetable Oil 1 

408.6 

507.4 

549.3 

1 

2a 

2b 

50 

150 

Vitamin Oil 1 

In vegetable Oil 2 

281.3 

372.7 

314.8 

458.7 

336.0 

491.0 

413.5 

7 

1 

3a 

50 

Vitamin Oil 2 

289.6 

327.1 

349.5 

422.7 

5 

3b 

150 

In vegetable Oil 1 

377.0 

461.6 

495.9 

0 

4a 

50 

Vitamin Oil 2 

297.2 

365.3 

366.3 

416.4 

6 

4b 

150 

In vegetable Oil 2 

365.0 

449.2 

466.6 

2 

5a 

50 

Vitamin Oil 1 

378.4 

448.9 

467.6 

541.8 

0 

&b 

150 

In water emulsion 

451.0 

578.5 

616.1 

0 

6a 

50 

Vitamin Oil 2 

325.9 

400.3 

416.9 

496.1 

0 

6b 

150 

In water emulsion 

407.5 

534.6 

575.4 

0 

Control 

0 

No vitamin A 

J 

U1 dead 



15 


In order to improve the stability of the emulsions employed in Series 2, 
Denial 14 (Emulsol Corporation) was used in addition to methyl cellulose. 
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Table IV 


Results of Series S of Feeding Experiments 





| Growth of chicks j 









Group No. 

r ea l cc. 
every 3rd 
day 

Description 

35 days 

42 days 

Average of 
Groups a 
and b, 42 

Total 

mortality 






days 



units per 
cc . 


**». 

fl». 

tm. 


la 

75 

Reference cod ilver oil 

326.3 

400.7 

450.6 

0 

lb 

225 

In vegetable Oil 3 

388.2 

500.5 

0 

. 2a 

75 

Vitamin Oil 3 

347.5 

428.1 

458.7 

0 

2b 

225 

In vegetable Oil 3 

374.6 

489.2 

0 

3a 

75 

Vitamin Oil 4 

332.1 

396.5 

441.0 

0 

3b 

225 

In vegetable Oil 3 

370.5 

485.5 

0 

. 4a 

75 

Vitamin Oil 5 

335.7 

396.1 

441.3 

1 

4b 

225 

In vegetable Oil 3 

373.9 

486.5 

1 

5a 

75 

Vitamin Oil 3 

371.4 

465.5 

488.9 

0 

5b 

225 

In emulsion 

378.4 

512.3 

1 

0 

6a 

75 

Vitamin Oil 4 

374.5 

475.9 

494.1 

1 

6b 

225 

In emulsion 

374.9 

512.3 

0 

7a 

75 

i 

Vitamin Oil 5 

368.0 

471.2 

493.7 

0 

7b 

225 

In emulsion 

391.2 

516.1 

0 

8a 

75 

Vitamin Oil 3 

j 

337.9 ! 

427.9 

456.5 

0 

8b 

225 

In vegetable Oil 4 

367.6 

485.0 

0 

9a 

75 

Vitamin Oil 3 

349.7 

425.1 

i 

450.8 

0 

9b 

225 

In vegetable Oil 5 

359.5 

476.4 

0 

10a 

75 

Vitamin Oil 5 

338.0 

432.3 

451.4 

1 

10b 

225 

In vegetable Oil 4 

352.6 

470.4 

0 

11a 

75 

Vitamin Oil 5 

320.6 

398.3 

426.3 

3 

lib 

225 

In vegetable Oil 5 

355.6 

454.3 

0 N 

12a 

0 

No vitamin A 

257.9 I 

All dead 


16 

12b 

0 

tt <t a 

241.0 

258.3 


12 


Previously it was found that Demal 14 does not change the stability of gray- 
fish liver oils toward oxidation. Mixed tocopherols were added to all emul¬ 
sions so that the total tocopherol content per cc. was equal to the tocopherol 
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content per cc. of the vitamin solutions in oil. In this way possible varia¬ 
tions of biological activity due to the action of tocopherols were eliminated 
( 11 , 12 ). 

Chick Tests —Two series of biological tests with growing chicks were car¬ 
ried out at an interval of 5 months. 

In Series 1 New Hampshire day-old pullet chicks were depleted on a vi- 


Table V 


Analysis of Variance of Final Weights of Chicks , Series 1 


Variation source 


Sum of squares 


Degrees of 
freedom 


Total. 

Levels. 

Treatments. 
Interactions. 
Error. 


I 1,508,878 
! 618,682 
265,386 
| 58,752 

| 566,058 


131 

1 

5 

5 

120 


' Mean square 

Minimum signific ant 
difference 

1 

5 per cent 

1 per cent 

11,5)8 



i 618,682* 

. 24 

31 

! 53,077* 

41 

54 

| ll,750t 

58 


4,717 




* Highly significant. 
t Significant. 


Table VI 

Analysis of Variance of Final Weights of Chicks , Series 2 


Variation source 

; Sum of squares 

Degrees of 
freedom 

Mean square 

Minimum significant 
difference 


S per cent | 1 per cent 

Total. 

i 1,308,929 

327 

4,236 

i 

Levels. 

307,475 

! l 

307,475* i 

12 16 

Treatments. 

154,251 

10 

15,425* ! 

28 36 

Interactions. 

37,664 

10 

3,766 j 


Error. 

899,539 

t ' 

306 

j 2,940 | 

j 


* Highly significant. 


tamin A-defieicnt diet for 7 days and then distributed into nine lots of fifteen 
chicks. The average weights of the lots were approximately equal. 

The chicks were reared in Jamesway battery brooders until they reached 
5 weeks of age and were then transferred to holding battery brooders. 
Throughout the experiment the chicks had free access to the vitamin A- 
deficient diet and water. The chicks were fed the vitamin A preparations 
every other day by mouth with pipettes calibrated to deliver 1 cc. To 
equalize the fat intake in all lots, the chicks that were fed water emulsions 
of vitamin A received also 1 cc. of sunflower seed oil on days when they 
were not fed vitamin A. 
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Series 2 was carried out with white Leghorn day-old cockerel chicks under 
conditions similar to those of Series 1. The chicks were depleted on a vi¬ 
tamin A-deficient diet and standardized as to weight at 14 days of age. 
Fifteen chicks were placed in each lot and fed the vitamin A preparations 
by mouth with pipette every 3rd day. As in Series 1 the fat intake of 
the chicks receiving the water emulsions was equalized by feeding 1 cc. of 
fresh cottonseed oil. This experiment was discontinued 1 week earlier 
than planned owing to the fact that several lots of chicks became infected 
with coccidiosis after being transferred to the holding batteries. 

The chicks in both experiments were weighed at weekly intervals and a 
record was kept of symptoms of disease and mortality. Mortality, except 
in a few lots fed oxidized oils, was practically nil (Tables III and IV). 

In both experiments the chicks received the equivalent of 25 and 75 units 
of vitamin A daily. These levels of vitamin A were chosen because previous 
experience (13) showed that at these levels chicks would show significant 
differences in weight as well as low mortality. Some of the chicks in the 
cohtrol lots lived to 6 weeks of age, even though they showed such advanced 
symptoms of vitamin A deficiency as staggering gait, ruffled feathers, swol¬ 
len eyes, and slight beak necrosis. The average weights of chicks in Series 
1 and 2 together with other pertinent data are summarized in Tables III 
and IV. The final weights were analyzed statistically and the essential 
data are given in Tables V and VI. 

DISCUSSION 

(rrayfish Liver Oik —From the data presented in Tables I, III, and IV, it is 
apparent that the biological value of the grayfish liver oils depended mainly 
on the spectrophotometric characteristics of the oils. A critical examina¬ 
tion of the extinction ratios shows that Oil 2 was the only one with an E]^ 
280:325 m*i ratio of over 0.4 for the unsaponifiable fraction. Only this 
grayfish liver oil produced a considerably depressed growth in vegetable oil 
as well as in emulsion. The ratio of 0.4 for E 280:325 m/* character-, 
izes a highly oxidized grayfish liver oil (4) and possibly represents the limit 
at which the vitamin A of grayfish liver oil can be fully utilized by the chick. 
The extinction ratios taken at 300 mju showed on all oil samples a similar 
trend to the ratios at 280 dim. For Oil 2 the E 1 ^. 300:325 m/i ratio of 
0.728 was, however, a border line value (5) and did not indicate so clearly 
as the 280 mg ratio the decreased biological action of the oil. 

The whole oil ratios at 280 and 300 m m both showed the same trend but 
did not appear to be so indicative of the quality of the grayfish liver oils as 
were the ratios taken on the unsaponifiable fraction. For example, Oil 5 
had abnormally high ratios on the whole oil but produced a growth rate 
f equal to that obtained with fresh Oil 3. 
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The r&le of the hydroperoxides in the grayfish liver oils was found to be 
insignificant. Considering the extent to which the grayfish liver oils were 
diluted for the feeding experiments, this could rather be expected. The 
grayfish liver oils dissolved in fresh vegetable oil and in water emulsion 
showed biological values which were independent of their hydroperoxide 
content. It can be seen from Tables I and IV that grayfish liver Oils 4 and 
5 with peroxide values of 8.0 and 27.5 respectively did not produce signifi¬ 
cantly different growth from fresh grayfish liver Oil 3 with a peroxide value 
of 0.8. Grayfish liver Oil 2, however, with a peroxide value of 16.7 in 
Series 1, produced a significantly lower growth response than fresh Oil 1 
when fed in vegetable oil as well as when fed in emulsion. In explanation 
of the apparent discrepancies in the activity of grayfish liver Oil 2 in the 
Series 1 and grayfish liver Oils 4 and 5 in Series 2, it will be noted that gray¬ 
fish liver Oil 2 had considerably higher ratios on both the whole oil and the 
unsaponifiable fraction than any of the other grayfish liver oils including 
Oil 5, which had a substantially higher peroxide value. 

Vegetable Carrier Oils —The amount of hydroperoxides fed through the 
medium of the vegetable carrier oils was naturally much larger than that 
from the grayfish liver oils. A more pronounced peroxide action would 
therefore be expected in the groups in which oxidized vegetable oils were 
fed as carriers. 

In Group 2 of Series I (Table III), an old sunflower seed oil oxidized by 
prolonged storage and showing a peroxide value of 17.9 was used as a car¬ 
rier for the fresh grayfish liver Oil 1. Its effect was to decrease significantly 
the biological action of the vitamin A. In Group 4 of Series 1 the same 
oxidized sunflower seed Oil 2 was fed as a carrier for oxidized grayfish liver 
Oil 2. The growth rate of the chicks did not decrease further. It can 
therefore be concluded that no cumulative action resulted from combining 
the oxidized vegetable oil with the oxidized grayfish liver oil, each of which 
oils alone decreased the biological action of vitamin A. 

• In the experiments of Series 2 vegetable Oils 4 and 5 were oxidized by 
bubbling air to peroxide values of 9.1 and 45.0 respectively. These 
two oils were compared to freshly refined vegetable Oil 3, which had a 
peroxide value of 2.0. It can be seen in Table IV, Groups 8, 9, and 
10, that the oxidized oils did not depress the biological action of the 
grayfish liver oil. Only the growth rate of chicks in Group 11, in 
which both the grayfish liver oil and the vegetable oil were oxidized to high 
peroxide values, was slightly lower. The difference, however, was not 
statistically significant. This confirms the results obtained in Series 1 on 
the non-cumulative effect on vitamin A utilization of oxidized vegetable oil 
and oxidized grayfish liver oil when fed together. 

It appears from the results of both series of experiments that the hydro- 
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peroxides alone did not inhibit the action of vitamin A in chicks, but that 
other substances were responsible for the decreased growth produced by 
vegetable Oil 2. These substances arc probably decomposition products of 
the hydroperoxides. 

It can be concluded from these results that the chick is more resistant 
toAvard the action of hydroperoxides than is the rat. As mentioned above, 
the destructive action of peroxides upon vitamin A has been established for 
the rat, the rate of destruction varying Avith the peroxide value (0). Fur¬ 
thermore, Smith (14) and Simmons et ah (15) found that peroxides also 
destroy vitamin A in vitro , the rate of destruction being again proportional 
to the peroxide value. The reaction rate in vitro is, hoAvever, much sloAver 
than in vivo Avhere prooxidants act as catalysts. 

Emulsions —In both feeding series, the vitamin A oils in emulsion showed 
significantly higher biological A'alues than the same oils dissolved in fresh 
vegetable oil. In some of the treatments the differences in the rate of 
gipwth Avere statistically highly significant. 

Both the fresh and the oxidized vitamin oils had significantly higher 
biological values when fed in emulsion. It appears that the improved ac¬ 
tion of vitamin A in Avater emulsion Avas not affected by the quality of the 
vitamin oil per se, but that the vitamin A Avas only better utilized. It was 
interesting to note that oxidized grayfish liver Oil 2 (Table III) in emulsion 
gave better groAvth response than fresh grayfish liver Oil 1 dissolved in 
fresh vegetable oil. The difference Avas not statistically significant, but 
it can be seen that even the highly oxidized vitamin Oil 2 in emulsion had 
at least the same value as fresh vitamin Oil 1 dissolved in fresh vegetable 
oil. 

The better utilization of vitamin A in emulsion can be explained by the 
large surface between the oil and water phases. The large interfacial area 
provides for the rapid action of ester-splitting enzymes and, therefore, an 
accelerated formation and transfer of the vitamin A alcohol (16) by the 
lymphatic route from the danger zone in the intestinal lumen (17). The 
rate of destruction for vitamin A in vivo can be very rapid. Apart from the 
action of lipoxidase-salt systems, Avhich could be responsible for the non¬ 
economic utilization of vitamin A, intestinal juice could be destructive of 
vitamin A, as was found for saliva, gastric juice (18), and bile (19). 

SUMMARY 

Grayfish liver oils having different spectrophotometric ratios and dif¬ 
ferent peroxide values were dissolved (1) in vegetable oils of different perox¬ 
ide values and (2) made into Avater emulsions. The vitamin A preparations 
were fed by mouth Avith pipette to chicks at the suboptimal rate of 25 and 
75 units per day. 
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The growth response of the chicks to the various preparations was 
studied, and the following conclusions reached. (1) The spectrophoto- 
metric extinction ratios E 1 ^ 280:325 mp and 300:325 mp were useful 
in evaluating the biological action of the grayfish liver oils. The ratio 
taken at 2$0 mp was found to be more indicative of quality than the ratio 
at 300 m/4. (2) Hydroperoxides up to a peroxide value of 45.0 did not in¬ 
hibit the action of vitamin A in chicks. Apparently other compounds than 
peroxides present in oxidized oils decreased the biological action of vitamin 
A. Furthermore, there was no cumulative inhibiting effect when an 
oxidized grayfish liver oil was fed in conjunction with an oxidized vegetable 
oil. (3) When fed orally, by pipette, vitamin A oils, whether fresh or oxi¬ 
dized, had a greater biological value in w ater emulsion than in vegetable oil 
solution. 

The authors are greatly indebted to Dr. V. C. Brink and Mrs. B. March 
for aid in the statistical analyses of the data, to Mr. S. Yip and Mr. O. 
Newmarch for technical assistance, and to Professor E. A. Lloyd and Mr. 
H. Beard for their valuable suggestions in the preparation of the manuscript. 
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REACTION OF FORMALDEHYDE WITH PROTEINS 

VI. CROSS-LINKING OF AMINO GROUPS WITH PHENOL, IMIDAZOLE, 

OR INDOLE GROUPS 

By IIEIN2; FRAENKEL-CONRAT and HAROLD S. OLCOTT 
(From the Western Regional Research Laboratory * Albany , California) 

(Received for publication, March 2, 1948) 

It has been recognized in recent years that, at'elevated temperature or in 
Acid or alkaline solution, formaldehyde can add as methylol groups to the 
amide (1, 2), guanidyl (3-8), and indole groups (9) of proteins. In con¬ 
trast, the addition product of formaldehyde with amino groups forms in¬ 
stantaneously even at neutrality and low temperatures, but this is an 
equilibrium reaction and the methylol compound can be decomposed by 
dilution or dialysis of the reaction mixture (10). The loss of amino nitrogen 
observed in proteins that had been allowed to react with formaldehyde for 
several days and then isolated by dialysis (10-12, 7) thus required further 
explanation. 

One mechanism has recently been proposed (13). Aminomethylol 
groups w ere found to condense with amide or guanidyl groups at room tem¬ 
perature and over the range of pH 3 to 8 to form comparatively stable com¬ 
pounds, w hereas under the same conditions neither *amines, amides, nor 
guanidyl compounds separately bound formaldehyde in a stable manner. 

In the present paper it will be shown that similar cross-linking can also 
occur between aminomethylol groups and phenol, imidazole, or indole 
groups. The reactions involving amino groups, formaldehyde, and the 
\ 

reactive CH groups on the phenol or imidazole rings are typical of the 

/ 

Mannich reaction (14), which, although widely studied and used, has ap¬ 
parently not yet been considered in connection with protein-formaldehyde 
reactions. 1 Evidence has now been obtained that these reactions occur 
with proteins under conditions of pH and temperature which are used for 
tanning and for the preparation of toxoids and vaccines. 

EXPERIMENTAL 

The reaction conditions are indicated in the Tables I to VII. The re¬ 
action mixtures comprising only small molecular weight compounds were 

* Bureau of Agricultural and Industrial Chemistry, Agricultural Research Ad¬ 
ministration, United States Department of Agriculture. 

1 Unlike the usual Mannich reaction (14), however, the present experiments were 
generally carried out with a great excess of formaldehyde in dilute aqueous solution. 
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subjected to analyses after suitable dilution. The pH of all reaction mix¬ 
tures was measured, after dilution, by means of the glass electrode. Pro¬ 
teins, after reaction with formaldehyde, were isolated by dialysis (3 days 
against running tap water at room temperature and 3 days against distilled 
water at 3-5°). Control experiments showed that these conditions were 
amply sufficient for the removal of all free formaldehyde or other compounds 
added to the reaction mixtures. When necessary, the products were dried 
by lyophilization. 

Gramicidin derivatives were isolated by precipitating the reaction mix¬ 
ture with about 10 volumes of 0.1 m sodium chloride, washing the precipi¬ 
tate with water or dilute saline solution, redissolving it with added ethanol, 
and again precipitating and washing it as before. Some derivatives, nota¬ 
bly those containing proline or alanine, could be precipitated from 5 to 10 
per cent alcoholic aqueous solution only by addition of sodium chloride to 
0.3 M concentration. Many of the derivatives here described, in contrast 
to gramicidin or methylol gramicidin, yielded bulky gelatinous precipitates. 

Materials — Gramicidin was kindly supplied by the Wallerstein Labo¬ 
ratories, isinglass by the Connaught Laboratories, and insulin by Eli Lilly 
and Company. The other proteins used have been previously charac¬ 
terized (1). Crystalline bovine serum albumin and all other chemicals 
were commercial preparations. The amino acids were dl preparations with 
the exception of L-histidine and L-tyrosine. The a-N-acetyl derivatives 
of L-histidine, DL-tryptophan, and DL-tyrosine were prepared according to 
published methods (15-17). The aeetylated proteins were prepared by 
selective reaction of the amino groups alone by means of acetic anhydride 
in an aqueous medium at 0° (18). 

Analytical Methods —Free formaldehyde was determined with dimedon 
(19), but in the present study the combined determination of free plus re¬ 
versibly bound formaldehyde was of greater value. This was achieved 
by a chromotropic acid colorimetric method (20), either directly on aliquots 
of the reaction mixture or, more generally, after combined acid hydrolysis 
and steam distillation (1). “Irreversibly bound formaldehyde” was the 
difference between the amount added to, and recoverable from, reaction 
mixtures. Controls indicated that there was no destruction of formalde¬ 
hyde under the conditions of pH and temperature used for the experiments 
or for the analyses. 

The amounts of formaldehyde bound irreversibly by model systems 
containing amines and phenol or imidazole derivatives supplied a valid 
means of gaging the extent of reaction. Colorimetric analyses yielded 
confirmatory evidence. 

The participation of protein in similar reactions was primarily demon¬ 
strated through a study of their ability to fix small molecular weight 
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phenols, imidazoles, or indoles. The most suitable model comppmds for 
this purpose were the corresponding a-N-acetylamino acids, since the 
amount of acetyl groups thus introduced could be analytically determined 
after release by acid hydrolysis. To this end, 25 mg. samples, hydrolyzed 
with 1 ml. of 6 n sulfuric acid in sealed tubes at 100° for 18 hours, were sub¬ 
jected to vacuum distillation With repeated additions of water (total, 170 
ml.) and titration of the distillate with 0.02 n sodium hydroxide, with phe- 
nolphthalein as indicator. When chlorophenols were used, chlorine analy¬ 
ses performed on the isolated proteins served as a measure of the extent of 
interaction. Colorimetric analyses supplied additional evidence. 

Colorimetric determinations of the aromatic and heterocyclic compounds 
were performed for two different purposes. In the one case it w r as desired 
to demonstrate the involvement of these ring compounds in reactions with 
formaldehyde; in the other, to demonstrate the introduction of added 
simple phenols and indoles into proteins by means of the cross-linking 
methylene group. Different techniques w r ere required. For the first 
purpose it was found that when phenols or imidazoles entered into con¬ 
densation reactions their ability to combine with most color-forming re¬ 
agents was considerably lowered. Thus decreases in chromogenic activity 
bv the Thomas (21) or Macpherson (22) method indicated involvement of 
phenols and imidazoles, respectively. 

With regard to histidine, and in confirmation of these observations, it 
was found that a derivative prepared from histidine and formaldehyde (23) 
according to Neuberger (24) (imidazole-tetrahydropyTidine carboxylic acid, 
Compound B) gave a different color (yellow) and of a lower intensity (16 
to 25 per cent) than an equimolar amount of histidine, both by the original 
Pauly method (25) and with the Macpherson modifications (22).* This 
reaction represents an intramolecular example of the same type of methy¬ 
lene condensat ion that probably occurs betw een amino and imidazole groups 
of proteins. 

In order to demonstrate colorimetrically the introduction, through the 
Mannich reaction, of added simple phenols or indoles into proteins, a test 
was needed which would be positive for such compounds even after they 
entered into Mannich condensations. The Folin phenol reagent (26) was 
found to act in the desired manner. Actually increased chromogenic ac¬ 
tivities wrere obtained with Mannich derivatives of phenols, as compared 
to the original phenols. For the colorimetric detection of introduced histi- 

8 Neuberger (24) reported that the N-methylol derivative of Compound B has 
about the Bame chromogenic activity, on & molar basis, as does histidine. In other 
aspects of the reaction of histidine and formaldehyde, our observations are in aeoord 
with those of Neuberger, except that on several occasions Compound B was obtained 
as the monohydrate instead of the dihydrate. 
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dine derivatives, only the Macpherson method was used; because of the 
low chromogenic activity of Mannich derivatives of this amino acid, the 
resulting values when calculated from histidine standard curves were ob¬ 
viously much too low. 

Proteins had to be hydrolyzed prior to application of the colorimetric 
tests. Methods of hydrolysis had to be such as not to reverse the Mannich 
reaction or to favor reactions between the liberated formaldehyde and 
cyclic amino acids. Indole-formaldehyde derivatives (9) and certain 
methylolphenols (27) are hydrolyzed by strong alkali, but the Mannich 
type of phenol-methylene derivatives proved to be stable under conditions 
of alkaline hydrolysis (5 hours at 120° with 5 n NaOH), which, in turn, did 
not favor secondary condensation reactions. 

For histidine analyses acid hydrolysis was used (18 hours at 120° with 6 
N HC1). When formaldehyde-treated proteins were hydrolyzed in this 
manner, reversibly bound formaldehyde was found to react with the liber¬ 
ated histidine (and tyrosine). 8 This could be prevented by the addition 
to the protein sample of about half its weight of dimedon, which served to 
trap the liberated formaldehyde. The hydrolysates were neutralized and 
centrifuged, but the usual separation of the histidine fraction was omitted, 
for fear that any formaldehyde condensation derivative of histidine might 
not appear quantitatively in the proper fraction. Thus tyrosine was not 
removed and must have contributed to the chromogenic activity of the 
hydrolysates. Control experiments showed, however, that under Mac- 
pherson’s conditions, tyrosine gives only about 20 per cent of the color that 
is given by histidine, on a molar basis. 

Acid and basic groups were determined by dye methods (28), amino 
nitrogen according to Van Slyke (29), and tryptophan according to Horn 
and Jones (30). 


Results 

Two main types of experiments were performed in studying the Mannich 
interaction of aminomethylol groups with imidazole or phenolic groups, 
(a) The amount of formaldehyde bound irreversibly by model systems, 
comprising aliphatic amino acids and substituted imidazoles or phenols, 
was determined, and (6) simple phenols or acylhistidines were introduced 
through methylene linkage into proteins rich in amino groups. The latter 
techniques could be used also with indoles, but not the former, since simple 
indoles by themselves bind formaldehyde stably over a wide pH range (9), 

* Histidine and tyrosine do not react with formaldehyde under the conditions of 
combined hydrolysis and steam distillation used in the formaldehyde analysis. 
Tryptophan and oysteine bind formaldehyde under these conditions (9). 
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in contrast to imidazoles or phenols (1, 24, 23). 4 Interaction pf amines 
and substituted indoles through formaldehyde was further demonstrated 
with gramicidin, which contains 40 per cent of tryptophan. 

Model Systems —Table I lists a series of experiments on the interaction 
of threonine, p-cresol, and formaldehyde at various levels of pH and tem- 


Table I 

Reaction between Threonine , p-Cresol , and Formaldehyde* 


41 

'mal pH 

Equivalent of 
Temnerature formaldehyde 

Apparent phenolt 


- bound 

i 

Folin 

Gemgross 


°C. 




Threonine + p-cresol. 3.9 

23 

1.0 

1.7 

0.7 

“ + “ . 3.9 

40 

1.0 

1,7 

0.5 

4.0 

23 

0.0 



3.9 

40 

0.1 



p-Cresol. 4.1 

40 

0.2 

i.ot 

1.0* 

Threonine 4- p-cresol. 5.5 

40 

0.9 


0.5 

5.3 

40 

0.0 



p-Cresol. 7.0 

40 

0.3 

1.1 

0.9 

Threonine 4- p-cresol. 6.8§ 

23 

0.9 

1.8 

0.7 

“ + “ . 6.8§ 

40 

1.0 

1.8 

0.5 

6.7§ 

23 

0.0 



6.8§ 

40 

0.0 



p-Cresol 7.6§ 

23 

0.2 

1.0 

1.0 

7.5§ 

40 

0.5 * 

1.1 

0.8 


* 0.75 mM each of the amino acid and the phenol, the latter in 10 per cent solution 
in ethanol, treated for 7 days with 0.3 ml. of 3 m acetic acid or sodium acetate and 
2.0 ml. of 7.5 per cent formaldehyde (5 mM). 

t In terms of molar equivalents of untreated p-cresol. The latter gives only 55 
per cent of the Folin color, but 140 per cent of the Gerngross color of an equimolar 
amount of tyrosine. 

t The same chromogenic activity was observed with p-cresol which had been 
exposed for 7 days at 40° to acetate of pH 4.1 or phosphate of pH 7.6 in the absence of 
formaldehyde. 

§ 3.4 m phosphate bjuffer (pH 7.6) was used instead of acetate. 

perature. Threonine was chosen in preference to other amines or amino 
acids because it did not fix formaldehyde either by itself or in the presence 
of acetate buffers (13). p-Cresol alone also did not react appreciably at 
room temperature over the range of pH 4.1 to 7.6, nor at 40° up to pH 6.8. 4 
When mixtures of equimolar amounts of threonine and p-cresol were treated 

4 Unpublished experiments of the authors have shown that p-cresol binds formal¬ 
dehyde at an appreciable rate at pH 11.5, but not at pH 8. 
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with formaldehyde at room temperature, however, close to 1 equivalent 
was bound in acid-resistant manner over the entire pH range studied. 

The chromogenic activities of the derivative of p-cresol in the reaction 
mixtures differed in a consistent maimer from those of the untreated p- 
cresol. The Folin color (26) increased to almost double, while the Gem- 
gross color (21) decreased to half. The observed loss in the Gerngross color 
was to be expected, since this reaction involves the carbon ortho to the 
phenolic group and thus generally serves as a means of differentiating ortho- 
substituted from unsubstituted phenols. It was therefore thought that 
2,4-dimethylphenol, if it condensed with threonine and formaldehyde, 
should yield a di-ortho-substituted phenol, which might be expected to 
give no Gerngross color at all. 

With this purpose in mind, 2,4-dimethylphenol was used as an additional 
model. While this phenol reacted somewhat more readily with formalde¬ 
hyde alone than did p-cresol at pH 4 to 7 and room temperature or 40°, 
the reaction did not go beyond 20 per cent and 40 per cent, respectively, 
in 7 days (Table II). In contrast, in the presence of threonine complete 
reaction, (i.e., fixation of 1 equivalent of formaldehyde) was approached or 
reached, respectively, at the two temperatures. The condensation seemed 
to proceed slightly faster at pH 4.2 and 8.7 than at pH 5.6. 

Colorimetric analyses showed that the Mannich condensation of this 
phenol was also accompanied by increases of the Folin color to almost 
double that of the starting material. However, as was expected, the Gem- 
gross color disappeared as the reaction reached completion. This appears 
to be good evidence for the involvement of the ortho carbon atom in the 
reaction. Thus the doubling of one and the extinction of another chromo¬ 
genic activity clearly characterize a Mannich reaction involving 2,4-di¬ 
methylphenol. These reactions also supplied useful evidence for the 
Mannich fixation of the dimethylphenol by proteins. 

A series of experiments with model substances was performed in order to 
ascertain whether protein nitrogenous groups other than amino groups 
might undergo condensation with formaldehyde and phenols. In agree¬ 
ment with the literature (14), this appeared not to be possible. Neither 
amide nor guanidyl groups reacted with 2,4-dimethylphenol and for¬ 
maldehyde during 1 week at 40° (Table III). 

When similar model experiments were performed with threonine, for¬ 
maldehyde, and a-N-acetyl-L-histidine or L-histidine anhydride, conden¬ 
sation was found to occur at 40°, but not appreciably at room temperature. 
The results of a few illustrative experiments are summarized in Table IV. 
The fixation of formaldehyde proceeded furthest (84 per cent) at pH 6.4 
with acetylhistidine, and at pH 5.0 (76 per cent) with histidine anhydride. 
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The extent of interaction was in each case less marked when estimated 
from the change in chromogenic activity than from formaldehyde fixation 
(as determined both by chromotropic acid after distillation and with 


Table II 

Reaction between Threonine , 8,4-Dimethylphenol, and Formaldehyde* 



Final 

PH 

Time 

Temper¬ 

ature 

Equiva¬ 
lents of 
formalde¬ 
hyde 
bound 

Apparent phenolf 

Folin Gm “ 
fWUU gross 



days 

°C. 




Threonine + dimethylphenol. .. 

4.2 

2 

23 

0.6 

1.5 

0.5 

+ 

4.2 

7 

23 

0.8 

1.7 

0.2 

+ 

4.2 

7 

40 

1.1 

1.9 

0.0 


3.9 

7 

40 

0.1 



Dimethylphenol. j 

4.2 

7 

23 

0.2 

1.0 

1.1 


4 - 2 i 

7 

40 

0.4 

1.0 

1.0 

Threonine + dimethylphenol. .. 

5.6 | 

1 

23 

0.3 

1.4 

0.5 

+ 

5.6 

2 

23 

0.4 

1.6 

0.2 

+ 

5.6 

7 

23 

0.7 

1.8 

0.0 

+ 

5.6 1 

7 

40 

1.0 

1.9 

0.0 

+ 

6.7t 

7 

40 

0.8 

1.8 

0.0 


5.3 

7 

40 

0.0 




6.7J 

7 

23 

0.0 




6.8J 

7 

40 

0.0 



Dimethylphenol. | 

7.0 

2 

23 

0.2 

1.0 

1.2 


7.0 

7 

23 

0.3 

0.9 

1.1 


6.7 

7 

40 

0.4 

1.0 

0.9 


7.6J 

7 

40 

0.2 

1.0 

0.7 

Threonine + dimethylphenol .. 

8.7 

1 

23 

0.5 

1.0 

0.2 

+ 

8.7 

2 

23 

0.7 

1.2 

0.1 


8.5 

2 

23 

0.0 



Dimethylphenol. 

8.8 

2 

23 

0.2 

1.0 

0.8 

Threonine + dimethylphenol. .. 

9.9 | 

2 

23 

0.6 

1.6 

0.0 

Dimethylphenol. 

9.8 1 

2 

23 

0.4 

1.1 

0.1 


* 0.75 mM each of the amino acid and the phenol, the latter in 10 per cent solution 
in ethanol, treated with 0.3 ml. of acetic acid or sodium acetate, borate (pH 8 to 9) 
or hydroxide (pH 9.8 to 9.9), and 2.0 ml. of 7.5 per cent formaldehyde (5 imi). 

fin terms of molar equivalents of untreated 2,4-dimethylphenol. The latter 
gives 69 and 109 per cent of the Folin and Gerngross color, respectively, of an equi¬ 
molar amount of tyrosine. 

X 3.4 m phosphate buffer (pH 7.6) was used instead of acetate. 

dimedon). This can be due only in part to the residual chromogenic ac¬ 
tivity of the reaction product. A possible explanation might be that con¬ 
densation involved primarily the imino group of the imidazole nucleus, 
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particularly near pH 4, and that only the secondary stable (i.e., Mannich) 

\ 

fixation of the substituted methylene group by the reactive CH group 

/ 

led to a loss in chromogenic activity (of. (24)). 

A series of experiments with formaldehyde, acetylhistidine, and either 
proline, acetamide, or methylguanidine sulfate showed that, as in the case 
of phenols, condensation of imidazoles occurred only in the presence of 
amino or imino groups (Table IV). 

Introduction of Phenols , Indoles , or Imidazoles into Proteins through For¬ 
maldehyde —The occurrence in proteins of the cross-linking condensation of 
formaldehyde, amino, and phenol or imidazole groups is strongly suggested 


Table III 

Lack of Reaction between 2,4-Dimethylphenol , Formaldehyde. and. Either Acetamide 
or Methylguanidine Sulfate* 


1 

1 

! 

Final pH 

Equivalent of 
formaldehyde 
bound 

Apparent phenolf 

Folin I Gcrngross 

i 

Methylguanidine + dimethylphenol_! 

■ 

4.2 | 

0.2 

1.0 

i.i 

u <( 

6.1 

0.3 j 

1.0 

j 1.0 

Acetamide + dimethylphenol. | 

4.2 ; 

0.3 j 

10 j 

! 10 

«< q. “ ! 

6.3 ; 

0.3 

1.0 

1.0 

Methylguanidine. 

6.2 ; 

0.1 | 



Acetamide. 

6.4 , 

0.3 i 



Dimethylphenol. j 


0.2 1 

i 

1.0 

i.i 


* 1 week at 40°. Concentrations and buffers same as in Tables I and II. 
t See foot-note to Table II. 


by the above findings. However, no unequivocal technique for its demon¬ 
stration appeared available. 5 Only the alteration of the chromogenic ac¬ 
tivity of the respective amino acid residues could be used as indication of 
their participation in Mannich reactions. The control data obtained with 
formaldehyde-treated serum albumin as compared to its aminoacetyl de¬ 
rivative represent such evidence of the occurrence of Mannich reactions 
(at 40°) with the phenol groups (Table V). More striking changes in the 
chromogenic properties of proteins were obtained at higher temperatures, 
but under such conditions the role of the amino groups became less clearly 
apparent. 

It appeared that the reaction might be demonstrated unequivocally 
through the fixation, in the presence of formaldehyde, of small molecular 

* Fixation of formaldehyde and loss of amino nitrogen can be due to condensation 
between amino and amide or guanidyl groups (13), in addition to the reactions dis¬ 
cussed above. 










H. FRAENKBIrCONRAT AND H. S. OLCOTT 


835 


weight phenols, imidazoles, or indoles by proteins rich in amino groups. 
As previously stated, the corresponding acetylamino acids were chosen for 


Table IV 

Reaction between Amino Acids , Acetyl-L-histidine or Histidine Anhydride , and 

Formaldehyde * 


Ex¬ 

peri¬ 

ment 

No. 

1 

| 

Final pH 

Equivalents of 
formaldehyde bound 

Apparent 

histidinef 

Irre¬ 

versibly 

Total 

A* 

Threonine + acetylhistidine 

3.5 

0.3 

0.3 

1.0 


u u 

4.5 

0.6 


0.9 


a « 

6.4 

0.8 

0.8 

0.6 


“ 4- histidine anhydride 

4.1 

0.4 


1.0 


a _j_ << u 

5.0 

0.7 

0.7 

0.9 


u 

6.8 

0.4 

0.6 

0.8 

* 

(( 

3.9-6.8 

0.0 




Acetylhistidine 

3.5 

0.0 


1.0 


Histidine anhydride 

7.5 

0.0 


1.0 

B* 

Threonine 4- acetylhistidine 

7.3 

0.4 


0.8 


«< 

i 

7.3 

0.0 




Acetylhistidine 

7.3 

0.0 


1.0 


Serine + acetylhistidine 

7.3 

0.8 


0.6 


u 

7.3 

0.3 




Acetylhistidine 

7.3 

0.0 


1.0 

ct 

Threonine 4- acetylhistidine 

6.6 

l.U 


0.5 


Alanine 4- “ 

6.7 

1 .8* 


0.5 


Proline + 

6.8 

1.4* 


0.8 


Acetamide 4- “ 

7.0 

0.1 


0.9 


Methylguanidine sulfate 4- acetylhistidine 

6.9 

0.2 


1.0 

1 

Acetylhistidine 

6.9 

: o.i i 

i 

1.0 


* At 40° for 7 days. Experiment A, 0.75 mM of each of the nitrogenous compounds 
was treated with 0.5 ml. of buffer (see Tables I and II) and 2.0 ml. of 7.5 per cent 
formaldehyde (5 mM) . Experiment B, 0.75 mM of each of the nitrogenous compounds 
was treated with 0.75 ml. of buffer and 6.0 ml. of 1.88 per cent formaldehyde (5 mM). 

t In terms of molar equivalents of the chromogenic activity of the respective 
unchanged histidine derivatives. 

J At 53° for 4 days; concentrations of reactants same as in Experiment A. Amino 
acids, particularly alanine, bind formaldehyde irreversibly by themselves under 
these conditions, so that only the colorimetric data serve as positive evidence for 
Mannich condensation with imidazole rings. The lack of reactivity of amide and 
guanidine compounds is shown by both techniques. 

this purpose, since the acetyl group represented a useful “label” for ana¬ 
lytical purposes. Additional phenolic compounds were o-chlorophenol, 
p-cresol, and 2,4-dimethylphenol; the fixation of the first was determined 
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Table V 


Combination of Phenols , Indoles , and Imidazoles with Proteins Containing Amino 
Groups by Reaction with Formaldehyde* 


Compound added 

Temper¬ 

ature 

Final pH 

Apparent 
phenol and 
indole 
(Folin)f 

Apparent 
phenol 
(Gem- 
gross) f 

Apparent 

histidine! 

Equiva¬ 
lents of 
added 
compound 
boundfi 

Series A. Bovine serum albumin* 


°C. 


per cent 

percent 

per cent 


p-Cresol 

23 

3.5 

8.7 

7.4 



<( 

23 

6.3 

10.4 

9.9 



tt 

23 

7.6 

10.3 

9.2 



n 

40 

5.9 

13.3 

12.3 



2,4-Dime thylphenol 

23 

3.1 

8.7 

4.3 



« 

23 

5.9 

13.5 

4.4 




40 

1.8 

9.2 

4.8* 



(t 

40 

3.2 

12.5 

3.3 



u 

40 

5.9 

16.4 

4.7 



Tyrosine 

40 

5.9 

12.5 

5.6 


1.8 

Aoetyltyrosine 

23 

3.1 

9.9 

5.9 


u 

23 

5.5 

12.3 

6.4 


3.1 

tt 

23 

7.2 

13.6 

6.7 


4.1 

o-Chlorophenol 

23 

3.3 

11.6 

5.6 


1.9 

tt 

23 

6.1 

11.9 

5.5 


3.2 

Indole-3-acetic acid 

23 

3.0 

9.5 

4.4 



a <t 

23 

5.4 

10.4 

3.9 



tt tt 

40 

5.5 

12.3 

3.8 



Acetyltryptophan 

.23 

5.5 

9.2 

4.2 



tt 

23 

7.2 

9.3 

5.1 


1.4 

“ii 

40 

1.8 

7.0 

3.8 



“ii 

40 

3.2 

13.6 

5.2 


5.8 

<< 

40 

5.5 

10.3 

3.8 



“ii 

40 

7.2 

8.7 

3.6 


2.5 

Acetylhistidine 

40 

3.5 

7.3 

4.0 

5.5 

1.4 

u 

40 

7.4 

7.7 j 

4.2 

5.6 

3.8 

Histidine anhydride 

40 

7.5 

7.6 1 

3.1 

6.3 


Controls, tyrosine, acetyl - 

23-40 

5.5-7.4 

6.8 i 

4.5 

4.6 

0.1 

tyrosine, 2,4-dimethyl- 
phenol, acetylhistidine, or 
acetyl tryptophan, without 
formaldehyde 







No addition 4- formaldehyde 

23 

5.8 

6.0 

4.3 



tt tt tt 

40 

2.0-5.9 

7.7 

3.8 

5.1 


Series B. Aminoacetyl bovine serum albumin* 

p-Cresol 

40 


■B 

4.7 



tt 

40 

1 

BH 

5.5 



IndoIe-3-ac6tic acid 

40 


Bal 

4.8 
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Table V —Concluded 


Compound added 

Temper¬ 

ature 

Final pH 

Apparent 
phenol and 
indole 
(Folin)f 

Apparent 
pnenol 
(Gem- 
gross) t 

Apparent 

histidine! 

Equiva¬ 
lents of 
added 
compound 
bound! 


Series B —continued 


Acetyltryptophan || 

40 

3.5 

8.9 

4.5 ! 




40 

5.6 

7.2 | 

4.5 




40 * 

7.2 

6.4 

4.8 


0 .0f 

Acetylhistidine 

40 

7.3 

6.3 

4.3 

4.4 

1 .2K 

Control, no addition 4- for 

40 

7.5 

6.0 

4.2 

5.0 


maldehyde 








Series C. Isinglass * 



# C. 


per cent 

per cent 

Percent 


p-Cresol 

40 

5.6 

3.3 

2.1 



2 ,4-Dime t hy Iphenol 

40 

5.6 

5.2 

0.5 



Tyrosine 

40 

5.6 

7.2 

3.3 



Indole-3-acetic acid 

40 

5.6 

3.6 

0.4 



Acetyltryptophan 

40 

5.6 

3.8 

0.6 



Controls, tyrosine or indole- 

40 

5.6 

1.5 

0.5 



3-acetic acid, without form¬ 



: 




aldehyde 



; 




No addition -f malde- 

40 

5.6 

1.7 

0.3 



hyde 




- 


* 

Unchanged 



1.3 

0.5 




* For Series A and B, 1 ml. of lOper cent protein was treated with 0.1 mu compound 
(the phenols in the 10 per cent solution in ethanol), 0.3 ml. of 3 m acetate or 3.4 m 
phosphate, and 1 ml. of 7.5 per cent formaldehyde; Series C, 2 ml. of 10 per cent pro¬ 
tein solution and 0.2 mM addition, with 0.3ml. of buffer and 1 ml. of 7.5 per cent for¬ 
maldehyde. The amino nitrogen of bovine serum albumin is 1.18 per cent, that of 
the acetylated derivative (18) 0.08 per cent, and that of isinglass 0.48 per cent. 

t Expressed as tyrosine. Upon analysis at two levels good agreement was ob¬ 
tained with the Folin method, but not with the Thomas method. The results were 
averaged. 

t Histidine values include a fraction of the tyrosine present (see under <( Analytical 
methods”)- 

| Per 10 4 gm. of protein, as determined by acetyl or chlorine analyses. 

|| 120 per cent of the weight of the protein was obtained, after thorough dialysis, 
from the sample prepared at pH 1.8,108 per cent from that prepared at pH 3.2, and 
104 per cent from acetylated bovine serum albumin at pH 3.5. (The other prepara¬ 
tions were obtained in 90 to 105 per cent yield.) These reaction products were 
colored and insoluble. 

f These figures are, of necessity, differences of two large figures (the acetyl 
bovine serum albumin contains about 9 equivalents of aoetyl) and thus subject to 
greater errors than the results obtained with unacetylated albumin. 
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by chlorine analyses, while increases in the Folin color characterized all 
products containing methylene-linked phenol or indole compounds. 

The data, as summarized in Table V, show that over the pH range in¬ 
vestigated (pH 2 to 7), the phenolic compounds were bound to the highest 
extent, corresponding to about half of the amino groups of serum albumin, 
at or near neutrality. Reactions proceeded further at 40° than at room 
temperature. The findings with indoles are quite similar, except that 
acetyltryptophan at 40° appeared to be bound maximally at pH 3. How¬ 
ever, the insolubility and discoloration of this reaction product may suggest 
that complicating side reactions had occurred. 6 Acetylhistidine, like the 
phenolic compounds, was bound to the greatest extent in neutral solution. 
Generally, indoles and imidazoles seem to react somewhat less readily than 
do phenols. 

The inability of aminoacetyl serum albumin to fix appreciable amounts 
of any of the model compounds in the presence of formaldehyde at 40° 
clearly establishes the crucial r61e of the protein amino groups in the cross- 
linking reaction. The striking difference in the chromogenic activities of 
the p-cresol and dimethylphenol derivatives of serum albumin in regard to 
the Folin and Gerngross reagents (Table V) represents good evidence that 
at least the reactions with phenols are clearly of the Mannich type. 

Introduction of Amines and Amino Acids into Gramicidin through For¬ 
maldehyde —The participation of indole groups in condensation reactions 
with formaldehyde was further demonstrated by treating gramicidin, which 
contains almost 40 per cent tryptophan, with formaldehyde and various 
amines under a variety of conditions. Interaction was evident in many 
instances, particularly in alkaline solution, from changes in the physical 
properties of the reaction mixture. Altered solubilities were also noted 
for many products during and after their isolation. It was difficult, how¬ 
ever, to find a reliable quantitative measure of the extent of interaction. 
Analyses for the polar groups introduced into the non-polar gramicidin 
molecule were found most useful (Table VI). Primary amines, possibly 
because of their tendency to cross-link through two methylene bridges, 
lost most of their basicity, so that basic group analyses seemed to yield 
only minimal values, but secondary amines remained sufficiently basic to 
be detected. The carboxyl groups of alanine and proline represented 
suitable “labels” to establish their fixation by gramicidin through for¬ 
maldehyde. 

The mode of linkage of these amines was not definitely established. If 
the reaction was of the Mannich type, the site of attachment would be 
the a-carbon atom of the indole ring. On the other hand, formaldehyde 

• Attempts to study the reaction of formaldehyde and acetyltryptop han alone in 
acid solutions also led to colored products difficult to characterize. 



Tablb VI 


Combination bf Amines with Gramicidin in Presence of Formaldehyde* 


Compound added 

Buffer 

Final pH 

Groups intro 

Acid 

duced per 10< 
m. 

Basic 

Apparent 
tryptophan t 






per cent 

Alanine 

NaOH 

7.8 

8.5t 




u 

6.7 

5.4 




NaOAc 

5.5 

1.9 




None 

4.3 

3.2 


«10) 


HC1 

2.0 

2.0 



Proline 

NaOH 

9.9 

8.4§ 

0.2 

(6) 


tt 

7.8 

*6.6|| 

0.9 

21 


None 

4.4 

2.8 

1.9 


Dimethylamine 


9.5 


16.5f 

(S) 


HOAc 

4.7 


8.7 

19 


HCl + NaOAc 

3.7 

! 

4.0 



“ + HOAc 

2.5 

1 i 

1.4 

i 

i 


tl 

2.1 

! | 

; 1.2 

! 

Lysine 

NaOH 

8.7 

! 

1 | 

3.5 

15 

» 

it 

7.1 

! 1 

2.2 



NaOAc 

7.1 

1 

4.6 



HCl 

3.9 

2.5 

7.9 



NaOAc + HCl 

2.8 

0.8 

1.8 1 

14 

2-Aminoethylsul- 

| NaOH 

7.5 

! 5.8* * * § ** 

i 

! | 


furic acid 

i 

1 

i 



Methyl amine 

NaOAc + HCl 

3.0 

0.0 

» 2.0 

(6) 


HCl 

2.5 


i 0.4 


Histidine 

NaOH 

6.7 

i 1.5 

0.0 



1 NaOAc 4- HCl 

2.9 

: 1.3 

.1.2 



| HCl 1 

2.8 

' 4.4 

1.7 



* 100 mg. of gramicidin (containing 0.2 mu of tryptophan), 0.5 mM of the various 
additions, and 0.25 ml. of 38 per cent formaldehyde were brought into solution, if 
possible, in 1 to 2 ml. of 50 to 80 per cent alcohol, containing approximately 0.3 m 
acetate, or, at most, amounts of n NaOH or HCl equivalent to the added compound. 
The reaction mixtures were held at room temperature for 4 to 6 days. Heterogeneous 
mixtures (t.e. those containing lysine and alanine) were shaken at intervals. Some 
set to gels during the reaction period. For method of isolation see “Experimental.” 

t Analysis without hydrolysis, in 50 per cent acetic acid solution (0.05 per cent). 
Values in parentheses are based on readings of an atypical purple color. All values 
are approximations only (±15 per cent), since unhydrolyzed gramicidin and many of 
its derivatives give colorimetric curves which differ somewhat from those of standard 
tryptophan, and from one another (9). 

t When methylol gramicidin©) was used instead of gramicidin under identical con¬ 
ditions, with or without added formaldehyde, no acid groups were introduced. 

§ When the product was exposed to dilute aqueous acetic acid, only 1.0 acid group 

was found. This material contained no unchanged tryptophan when analyzed in 
50 per cent acetic acid solution (less than 10 per cent, purple). When the original 
product was treated with 5 N NaOH (18 hours at 100°), it contained no acid groups 
and about 31 per cent tryptophan. 
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Table VI —Concluded 

|| This product after exposure to dilute acetic acid contained 1.3 acid groups and 
no unchanged tryptophan (lesB than 10 per cent, purple). 

U Treatment with 5 n NaOH for 6 hours or 48 hours at 70°, or for 24 hours at 100°, 
yielded products retaining only 14.5, 12.5, or 4.2 basic groups, respectively, and 16, 
13, and 31 per cent tryptophan. Dilute acetic acid gave a product containing 10.1 
basic groups and less than 10 per cent tryptophan (purple). 

** Sulfate sulfur introduced, 6.1 equivalents. 

alone in alkaline solution was found to add most probably to the imino group 
(9). The bulk of the evidence favors the latter group as also condensing 
with amines and formaldehyde in the present experiments. This is indi¬ 
cated by the following facts: (a) The various products retained 30 to 80 
per cent of the original chromogenic activity with dimethylaminobenzalde- 
hyde, a reaction which requires an unsubstituted 2 position in the indole 
nucleus. 7 (b) The condensation of indoles through methylene groups with 
amino compounds could be reversed by treatment with strong alkali, as 
previously observed with the N-methylol addition products. 8 No such 
lability should be expected for carbon-bound methylene groups. Thus it 
appears that the reaction of indoles with aminomethylols introduces meth¬ 
ylene groups between neutral and basic nitrogen atoms. This reaction 
thus resembles that previously observed with amides (13), rather than the 
Mannich type of stable fixation of methylene groups between carbon and 
basic nitrogen atoms. 9 

Evidence of Mannich Reaction Occurring in Proteins Alone —Indirect 
evidence for the participation of phenolic and imidazole rings in the protein- 
formaldehyde reaction came from a study of the amount of formaldehyde 
bound irreversibly under various conditions. It has been w T ell established 
in recent years that proteins and amino acids under progressively more 
rigorous reaction conditions fix progressively more formaldehyde in such 
a manner that it cannot be recovered by acid hydrolysis and steam distil¬ 
lation (31, 32). One reaction mechanism accounting for such behavior has 

7 N-Methylolindoles were found to give negative tests (9), but this was attributed 
to a possible migration of the methylol group during the test. If that interpretation 
is correct, then it appears that bulkier substituents do not migrate so readily from 
the indole nitrogen to the a-carbon atom. 

8 The proline-formaldehyde-gramicidin condensation product appeared to be un¬ 
stable even in dilute acetic acid solution (Table VI, foot-notes i and ||), but it ap¬ 
peared from the absence of chromogenic tryptophan that, under these circumstances, 
only proline was split off and methylol gramicin formed. 

• A few of the gramicidin derivatives obtained in this investigation were kindly 
assayed for bacteriostatic activity (against Staphylococcus aureus) by J. C. Lewis 
of this Laboratory. Their activities ranged from 13 to 88 per cent of that of the 
original gramicidin, but they were also similarly toxic to mice. 
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recently been elucidated as the addition of formaldehyde to protein indole 
(9) and phenol 4 groups in alkaline solution. These reactions, however, do 
not occur at neutrality. Acylhistidines by themselves do not bind for¬ 
maldehyde at any pH studied (24, 23). Thus presumably the imidazole 
groups of proteins are by themselves unreactive. 

When the amounts of formaldehyde fixed irreversibly by a number of 

Table VII 


Comparison of Amounts of Formaldehyde Bound Irreversibly by Various Proteins at 
40 ° and pH 7 with Their Contents of Relevant Amino Adds * 


'' 

i 

Formalde¬ 
hyde bound 

Equivalent! per 10* gm. 

Contents of 

Histidine 

Tyrosine 

NHs-N 

Insulin. 

5.3 

3.4 

6.8 

5.0 

Globin. 

4.1 

5.2 

1.9 

7.5 

Protamine f. 

4.0 

0.0 

0.0 

0.0 

Serum albumin (bovine). 

3.3 

2.5 

3.1 

8.9 

Silk sericin. 

2.7 

1.2 

3.0 

2.2 

Feathers (chicken, ground). 

2.3 

0.3 

1.9 

1.5 

Hoof (bovine, powdered). 

2.2 

1.2 

2.9 

4.5 

Wool (ground). 

1.6 

0.4 

2.7 

1.8 

Silk fibroin (ground). 

1.3 

0.2 

6.6 

0.7 

Gelatin. 

1.0 

0.4 

- 0.7 

4.0 

N-Acetyl globin... 

1.0 

5.2 

1.9 

2.0 

“ serum albumin. 

0.7 

2.5 

3.1 

0.5 

Barium sulfate. 

0.2 

0.0 

0.0 

0.0 

Nylon. 

0.0 

0.0 

0.0 

0.1 


* 100 mg. of protein were treated wi th 1.0 ml. of a reaction mixture containing 2 ml. 
of 7.5 per cent formaldehyde, 3 ml. of m phosphate, pH 7.0, and 23 ml. of water in 
sealed test-tubes for 1 month at 40°. The total sample was then subjected to 
analysis by distillation from sulfuric acid solution (1, 20). The proteins selected 
were all low in tryptophan content (<0.7 equivalent per 10 4 gm.), so that the r51e 
of the indole groups (9) in this reaction could be disregarded, 
t See foot-note 10 in the text. 

proteins of greatly varying composition were compared after reaction at 
pH 7 (1 month at 40°), those proteins which were richest in histidine and 
tyrosine, and also contained many amino groups, bound the most for¬ 
maldehyde, though not appreciably more than was equivalent to their content 
of such groups (Table VII). 10 The low amounts of formaldehyde fixed by 

10 The large amount of formaldehyde irreversibly bound by salmine under these 
conditions represents an exception. The mechanism of this reaction is not under¬ 
stood. 
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silk fibroin and by aminoaeetyl serum albumin or globin, all of which con¬ 
tain appreciable amounts of tyrosine or histidine but little amino nitrogen, 
illustrate that formaldehyde is fixed by the cyclic residues through the 
Mannich reaction, rather than by simple addition to the ring. 

The authors acknowledge the untiring technical assistance of E. D. 
Ducay. 


SUMMARY 

In neutral or slightly acid solution, formaldehyde introduces methylene 

\ 

bridges between amines on the one hand and the reactive OH groups of 

/ 

phenolic and imidazole rings on the other. The phenols react to com¬ 
pletion within a few days at room t emperature. The linkage is resistant 
to acid hydrolysis. 

Experiments with gramicidin suggest that condensations joining indoles, 
amines, and formaldehyde under similar conditions may occur with the 

\ 

NH group of the indole ring. 

/ 

These reactions take place with similar ease also in proteins containing 
the necessary groups. They supply a means of introducing a great variety 
of reactive cyclic compounds stably into proteins, and of amino compounds 
into gramicidin. 
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A POLARISCOPIC STUDY OF GLUTAMIC ACID AND PYRROLI¬ 
DONECARBOXYLIC ACID* 

By ANDRE C. KIBRICK 

(From the Department of Chemistry , The Bronx Hospital, New York ) 
(Received for publication, December 31, 1947) 

Wilson and Cannan studied the interconversion of glutamic acid and 
pyrrolidonecarboxylic acid in detail by means of changes in amino nitrogen 
(1), and the system so characterized was utilized by Olcott for the develop¬ 
ment of a method for the determination of glutamic acid (2). In neither 
case, however, were temperatures above 125° studied. We have found 
that glutamic acid can be converted much more rapidly at 142°. Since 
such temperatures are known to produce profound changes in many sub¬ 
stances, an investigation of the optical rotation of this system was 
undertaken. 


EXPERIMENTAL 

Weighed amounts of L-glutamic acid, recrystallized at pH 3.2, were 
placed in pressure flasks and water was added to the desired concentrations. 
The flasks were immersed in an oil bath with thejmostatic control and 
were removed momentarily and shaken after 5 minutes. Heating was 
then continued for specified times. After being removed from the bath 
and cooled, the pH of the solutions was determined with a glass electrode, 
and they were then transferred to volumetric flasks and diluted to volume. 
Samples of the diluted solutions were taken for duplicate determinations 
of amino nitrogen in a Van Slyke volumetric apparatus. 

Observations were made at four temperatures between 127-142° in solu¬ 
tions containing 2 to 20 per cent glutamic acid. Since concentration did 
not affect the rate significantly, the results of all of the experiments at 
each temperature were combined. The average values appear in Table I, 
where the data of Olcott (2) for 0.2 per cent glutamic acid at 126° are 
included for comparison. Maximum dehydration of glutamic acid is 
achieved in 2 hours at 139° and 142°. In fact, at the latter temperature 
it has been found that the conversion to pyrrolidonecarboxylic acid is 
completed in 75 to 90 minutes. Although with isoelectric glutamic acid 

* This work was started at the University of Toledo laboratory of the research 
department of the International Minerals and Chemical Corporation. We are in¬ 
debted to Dr. P. D. V. Manning, vice president and research director, International 
Minerals and Chemical Corporation, Chicago, for permission to use some of the re¬ 
sults presented here. 
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at pH 3.2 only 92 per cent is converted at equilibrium, 96 per cent of the 
glutamic acid can be converted in solution at an initial pH of 4 without 
affecting the rate significantly. 

In order to calculate the rotation of solutions containing both glutamic 
acid and pyrrolidonecarboxylic acid, the specific rotation of both of these 
substances was determined. In Fig. 1, Curve A shows the value of [a]“ 
in solutions of L-pyrrolidonecarboxylie acid between pH 2 and 11, and 
Curve B the values in solutions containing 2 to 12 per cent hydrochloric 
acid. The specific rotation of L-glutamic acid had a value of +31.4° in 
solutions containing 5 to 12 per cent hydrochloric acid, and the value was 
at a minimum close to —5.0° at pH 7. 

Table I 

Conversion of Isoelectric Glutamic Acid to Pyrrolidonecarboxylic Acid at Different 

Temperatures 


Time 

125°* 

127® 

Conversion 

135° 

139° 

142° 

hrs. ' 

per cent 

i 

per cent 

1 per cent 

per cent 

per cent 

1 

55 

65.9 

76.2 

76.0 

85.5 

2 1 

80 

81.6 

90.0 

91.4 

92.5 

3 j 

S8 

89.0 

( 91.7 

91.8 

92.5 

4 

92 

92.2 

j 91.8 

91.9 

92.7 

5 



91.9 



6 


92.8 


91.9 

92.7 

8 ! 


92.9 

i 

91.9 

93.0 


__i_;. ._J__ 

' From Olcott (2). 

The rate of racemization of glutamic acid on being boiled in solutions 
in which partial dehydration to pyrrolidonecarboxylic acid may occur 
was studied in the following way. Solutions containing 10 per cent, glu¬ 
tamic acid were boiled under a reflux at an initial pH of 1, 2, 7, and 12, 
and samples were removed periodically for the determination of the pH 
and amino nitrogen. The balance of the samples was then adjusted with 
hydrochloric acid and the rotation was determined in 4 dm. tubes in either 
5 or 10 per cent acid. Some of the results are presented in Table II. It is 
seen that the values of rotation found in solutions boiled many hours at 
low pH agree quite well with those calculated on the assumption that 
racemization is not significant. Furthermore, the absence of significant 
racemization in the solutions boiled at pH 7 was confirmed by the value of 
4-29.8° for the specific rotation of the glutamic acid after regeneration in 
boiling hydrochloric acid. However, it is evident from the poor agreement 
of the values in solutions boiled at pH 12 that racemization takes place 
rapidly under these conditions. 
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Fig. 1 . The rotation of pyrrolidonecarboxylic acid. Curve A, abscissa repre¬ 
sents pH; Curve B, abscissa represents per cent hydrochlqjric acid. 


Table II 

Effect on Glutamic Acid of Being Boiled in Acid and Alkaline Solutions 


Time 

pH 

(•lut&mic acid 

Rotation, a* 

Found | Calculated 

hfs . 


gw. per 100 ml. 

degrees 

degree* 

0 

1.17 

5.00 

4*18.2 

+ 18.1 

3 

0.80 

3.65 

4*12.0 

+12.2 

43 

0.74 

3.57 

4*11.4 

+11.8 

91 

0.69 

3.62 

4*11.5 

+12.0 

0 

2.17 

5.00 

4*18.1 

+18.1 

6 

1.43 

2.56 

4-7.4 

+7.5 

31 

1.27 

2.12 

+5.4 

+5.6 

101 

1.20 

2.24 

+5.5 

+6.0 

0 

7.10 

5.00 

+18.1 

+18.1 

170 

7.42 

3.22 

| +9.6 

+10.3 

0 

11.5 

5.00 

+18.1 i 

+18.1 

6 

12.4 

4.53 

+15.9 

+16.2 

29 

12.1 

4.48 

+14.8 | 

| +16.0 

60 

12.0 

4.41 ! 

+13.5 

+15.7 

110 

12.0 

4.02 

+10.7 

+14.1 


* Ventzke scale. 




848 


Glutamic and pyrrolidonecarboxylic acids 


The resistance of glutamic acid to racemization at 127° and 142° was 
studied in a similar manner by heating isoelectric glutamic acid in 20 per 
cent solution. After the pH was determined, the solutions were diluted 
with water for the estimation cf amino nitrogen in the Van Slyke apparatus. 
Hydrochloric acid was then added for the determination of rotation in 10 
per cent acid. In addition, the acidified solutions were boiled and the 
amino nitrogen contents and rotation were again determined after re¬ 
generation. Table III shows good agreement between the experimental 
and calculated values of rotation, but the values of the specific rotation of 
the regenerated glutamic acid are somewhat low. 

Since the equilibrium in the region of pH 7 allows nearly complete con¬ 
version to pyrrolidonecarboxylic acid (1), the rates of dehydration and of 


Table III 

Effect of Heating Solutions of Isoelectric Glutamic Acid at 187° and Ufi° 


Time 

Temperature 

pH 

Rotation, a* 

Regenerated 
glutamic acid, 

Found 

Calculated 

krs . 

# C. 


degrees 

degrees 

degrees 

1.3 

127 

2.48 

+4.2 

+4.4 

+29.6 

3.3 

127 

2.07 

—0.5 

-0.4 

+29.1 

6.3 

127 

2.07 

-0.6 

-0.5 

+28.4 

7.3 

127 

2.07 

-0.5 

-0.5 

+28.4 

1 

142 

2.01 

-0.5 

-0.7 

+29.5 

2 

142 

2.01 

-0.7 

-0.9 

+28.1 

3 

142 

2.01 

-0.7 

-0.9 

+27.4 

4 

142 

2.01 

-0.6 

-0.9 

+27.5 


* Ventzke scale. 


racemization of glutamic acid were studied in neutral solutions at 142°. 
The solutions were heated for various times up to 72 hours, after which 
the amino nitrogen was determined and the rotation was measured both 
at pH 7 and in 10 per cent hydrochloric acid. At least 30 hours are re¬ 
quired for the completion of the reaction even at 142°, and the prolonged 
heating at this temperature seems to cause some racemization or destruc¬ 
tion in the system. At 17 hours, when the conversion was 80 per cent, a 
comparison between the experimental and calculated values of rotation 
indicated that racemization was not significant. However, the agreement 
was not good at 64 hours, and the specific rotation was only +26.0° after 
the glutamic acid was regenerated. 

Observations were also made on the hydrolysis of pyrrolidonecarboxylic 
acid At room temperature. Solutions of 6 per cent pyrrolidonecarboxylic 
acid in 6 and 12 per cent hydrochloric acid were allowed to stand for 66 
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days at 25-30°. The rotation was determined periodically in the acid 
solutions and amino nitrogen was determined after neutralization. The 
degree of conversion was then calculated from both sets of data. There 
was good agreement for 10 days, during which about 60 per cent of the 
pyrrolidonecarboxylic acid was hydrolyzed. However, the results be¬ 
came increasingly less consistent, and after 46 days only 85 to 80 per cent 
was shown to be hydrolyzed from the values of rotation, although the 
process was complete according to the values for amino nitrogen. 

SUMMARY 

1. Data are presented to show that the dehydration of L-glutamic acid 
to L-pyrrolidonecarboxylic acid is accomplished in 2 hours at 142° with 
little alteration of the optical rotation of the system. 

2. The specific rotation of L-pyrrolidonecarboxylic acid has been de¬ 
termined from pH 2 to 11 and in solutions containing 2 to 12 per cent 
hydrochloric acid. 

3. The effect of boiling at acid and alkaline reactions on the optical 
rotation of the system glutamic acid-pyrrolidonecarboxylic acid has been 
studied by a comparison of the observed rotation with the values cal¬ 
culated from the composition of the solutions. At pH 1,2, and 7 the agree¬ 
ment is good for many hours and indicates that racemization is not signifi¬ 
cant, but the results show that racemization takes place rapidly at pH 12. 
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ON THE PROTEOLYTIC ENZYMES OF ANIMAL TISSUES 
Fill. AN INTRACELLULAR ENZYME RELATED TO CHYMOTRYPSIN* 

Br HELMUT R. GUTMANNf and JOSEPH S. FRUTON 

(From the Department of Physiological Chemistry , Yale University , New Haven) 

(Received for publication, March 16,1948) 

In previous papers of this* 1 series (1, 2), evidence was offered for the 
presence of two types of endopeptidases in extracts of animal tissues such 
as spleen or kidney. One group of enzymes exhibits specificity require¬ 
ments closely related to those of crystalline pepsin (3), and these enzymes 
have therefore been designated “pepsinases” (c/. also (4)). Since the pro¬ 
tein-splitting enzymes of animal tissues are also termed cathepsins, the 
pepsinases derived from beef spleen and from swine kidney were called 
beef spleen cathepsin I and swine kidney cathepsin I respectively. The 
other group of tissue endopeptidases is characterized by a specificity similar 
to that of crystalline pancreatic trypsin, which readily hydrolyzes sub¬ 
strates such as benzoyl-L-argininamide (BAA). Intracellular proteinases 
of this type were assigned the name cathepsin II. As noted previously, 
cathepsins I and II differ with respect to their response to activators such 
as cysteine (1). 

It has long been clear (5) that, in addition to the two endopeptidases 
cited above, tissue extracts contain other members of this group of enzymes 
which await characterization with respect to their specificity of action. For 
example, the enzymes responsible for the hydrolysis of substrates such as 
benzoylglycinamide, carbobenzoxy-L-isoglutamine (1), carbobenzoxy-L- 
serinamide (6), etc., by crude extracts of animal tissues have yet to be 
studied carefully. 

In the present communication, data are presented to show that swine 
kidney extracts contain an enzyme closely related in specificity to crystal¬ 
line pancreatic chymotrypsin. It has been reported previously that 
crystalline chymotrypsin hydrolyzes glycyl-L-phenylalaninamide (GPA) 
and glycyl-L-tyrosinamide (GTA) at the CO-NH linkage involving the 
carbonyl group of the aromatic amino acid (7), and that carbobenzoxy-L- 
tyrosylglycinamide is split to yield carbobenzoxy-L-tyrosine and glycin- 
amide (8). In addition to this endopeptidase activity, crystalline chymo¬ 
trypsin also exhibits aminopeptidase activity toward substrates such as 

• These studies were aided by grants from the American Cancer Society (on 
recommendation of the Committee on Growth of the National Research Council) 
and from the Rockefeller Foundation. 

t Alexander Brown Coxe Memorial Fellow, Yale University, 1946-48. 
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L-phenylalaninamide (PA), L-tyrosinamide (TA), L-phenylalanylglycin- 
amide (PGA), and L-tyrosylgiycinamide (TGA) (7). 

For the present studies, two enzyme preparations from swine kidney 
were employed. One of these was obtained by the procedure described 
previously (1, 2) and will be referred to as enzyme Preparation A. The 
other enzyme preparation (Preparation B) was obtained by the addition of 
yeast nucleic acid to a dialyzed solution of Preparation A, followed by 
elution of the resulting precipitate with a solut ion of benzoyl-L-argininamide 


Table I 

Action of Swine Kidney Enzyme Preparations on Synthetic Substrates 
Cysteine (0.004 m) was present in ail eases, except where indicated otherwise. 




J Proteolytic coefficient X 10** 

Substrate 

pH 

Crude 

extract! 

Prepara¬ 
tion A 

Prepara¬ 
tion B 

Benzoyl-L-argininamidc. 

5 

1.5 

3.2 

8.9 

Glycyl-L-phenylalaninamide . 

5 


4.3 

2.5t 

66 

Carbobenzoxy-L-glutamyl-L-tyrosine. 

5 | 

o.et 

01 

ot 

Carbobenzoxy-L-isoglutamine. 

5 I 

0.5 

0 

0 

Benzoylglycinamidc. 

5 ! 

0.33 

0 

0 

Carbobenzoxyglycyl-L-phenylalanine. 

5 1 

0.7 

2.0 

0 

L-Leucinamide.' 

5 } 

2.3 

3.3 

0 


8 ! 

86§ 

2.6$ 

05 

Diglycylglycinc. 

5 

67.5 

5.5 

0.4 


8 

221 

1.7t 

Ot 


♦ The term “proteolytic coefficient,” as used in this table, has been defined pre¬ 
viously (10) as the first order rate constant ( K l ) per mg. of protein*N per cc. of test 
solution. 

t This represents a crude aqueous extract of fresh swine kidney, prepared as pre¬ 
viously described (1,2). 

{No cysteine added. 

§ 0.001 M MriSO*present; no cysteine added. 

% 

in 0.06 m citrate buffer (pH 4.3). The arginine derivative may be assumed 
to act in the elution procedure in a manner analogous to that of protamine, 
which has been used previously for the decomposition of protein nucleates 
(9). In the case of enzyme Preparation B, the eluted proteins are frac¬ 
tionated with ammonium sulfate, the fraction precipitated between 45 and 
75 per cent of saturation with ammonium sulfate being collected and 
dialyzed. 

As will be seen from Table I, the partial purification leading to Prepa¬ 
ration B has largely eliminated the enzyme activity toward carbobenzoxy- 
L-ghitamyl-L-tyroeine (cathepsin I), carbobenzoxyglycyl-n-phenylalanine 
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(carboxypeptidase), L-leucinamide (aminopeptidase), and diglycylglycine 
(tripeptidase (11)), as well as toward carbobenzoxy-L-isoglutamine and 
benzoylglycinamide. On the other hand, the cathepsin II activity toward 
BAA has been increased in the course of the procedure, as has the activity 
toward GPA. 

It may be added that, in the presence of cysteine, the hydrolysis of GPA 
follows the kinetics of a first order reaction and that the proteolytic eo- 


“ Table II 

Action of Swine Kidney Enzyme Preparation B on. Substrates of Chymotrypsin 
pH 5 (citrate buffer). 


1 

1 i 

1 Enzyme 

I 


Hydrolysis 

Substrate 

concen- 

Cysteine ‘ j 

i 

Time 



| tration* 

Titration 

Ninhydrin 


mg. 

* ! 

krs. 

per cent 

per cent 

Glycyl-L-phenylalaninamide. 

0.074 

0.004 

0.6 

32 

1 

♦ 

2 

79 

4 




24 

111 

17 



None 

1.9 

29 

4 


i j 

i 

5.5 

49 

I 17 


l 

! 

25.8 

103 

44 

Glyeyl-L-tyroainainidc. 

0.074 

0.004 j 

1.5 

74 


i 


j 

26.5 

99 

29 

L-Phenvlalaninamide. 

0.124 1 

0.004 

2.5 

33 

, 


i 


fr.3 

63 




; None 

2.5 

12 




i j 

6.3 

22 j 


L-Tyrosinamide.. 

0.124 

0.004 

2.1 


11 



i 

6.3 


36f 



None 

2.1 


7 


i 


6.3 


| 10 

L-Phenylalanylglycinamidc . 

I 0.074 

0.004 

4.7 

36 

i 6 


! 

l 


24.2 

63 


L-Tyrosylglycinamide. 

{ 0.152 

0.004 

6.2 

25t 

i 18 


* Expressed as protein N per cc. of test solution, 
t Crystals of tyrosine separated after 20 hours. 


efficient (10) for the hydrolysis of this substrate by Preparation B is about 
30 times as great as the value previously found for the hydrolysis of GPA 
by crystalline chymotrypsin. 

Further studies on the proteolytic activity of enzyme Preparation B 
showed that, in the presence of cysteine, there was appreciable hydrolysis, 
not only of GPA, but also of other substances previously recognized to be 
substrates for crystalline chymotrypsin. In Table II there are presented 
data on the cleavage of GTA, PA, TA, PGA, and TGA. In order to de- 








854 


PROTEOLYTIC ENZYMES. YID 


tennine the site of hydrolysis of the dipeptide amides, the rate of hydrolysis 
was followed by titration of the liberated carboxyl groups (12) as well as 
by the determination of free amino acids (13). As will be noted from Table 
II, the hydrolysis of GPA and of GTA, in the presence of cysteine, largely 
involves the scission of the bond involving the carbonyl group of the aro¬ 
matic amino acid. On prolonged incubation, however, there is observed 
some cleavage to yield free amino acids. A clue to the nature of the enzyme 
responsible for the latter effect is provided by experiments in which GPA 
was subjected to the action of Preparation B in the absence of added cyste¬ 
ine. Under these circumstances, the rate of formation of free amino acids 
is notably more rapid. This suggests that, in addition to a cysteine-ac- 
tivatable endopeptidase similar in specificity to chymotrypsin, Prepa¬ 
ration B also contains an aminopeptidase whose action is inhibited by 
cysteine. Recent studies have shown that several aminopeptidases are 
activated by metal ions and are inhibited by substances, such as cysteine, 
which form complexes with metals (14). Further work is required before 
the relationship of the aminopeptidase acting on GPA to known amino¬ 
peptidases can be adequately assessed. It may be added that the dipep¬ 
tide glycyl-L-phenylalanine is hydrolyzed by Preparation A, and that this 
action is strongly inhibited by cysteine. 

In addition to its endopeptidase action on GPA, Preparation B hydroly¬ 
zes carbobenzoxy-L-tyrosylglycinamide and carbobenzoxyglycyl-L-tyrosyl- 
glycinamide. Carbobenzoxy-L-tyrosine was isolated from the enzymatic 
hydrolysate of the former compound by the procedure described in (8). 

As pointed out previously, chymotrypsin exhibits aminopeptidase ac¬ 
tivity toward PA and TA. A similar action is shown by enzyme Prepa¬ 
ration B, and it is of interest that cysteine is an activator for these hy¬ 
drolyses (Table II). This behavior differentiates the aminopeptidase 
action on GPA, which is inhibited by cysteine, from the splitting involving 
aminopeptidase action at the carbonyl group of an aromatic; amino acid. 

In Table II, there are also presented data on the hydrolysis of PGA and 
TGA by enzyme Preparation B. It will be seen that, in the case of PGA, 
extensive hydrolysis occurs at the CO-NH bond involving the carbonyl 
group of the glycine residue. A similar result was noted for crystalline 
chymotrypsin (7), which showed slight endopeptidase action on PGA. In 
the case of the swine kidney preparation, however, the endopeptidase 
activity appears to be considerably greater than the aminopeptidase action. 

Attempts to separate the endopeptidase and aminopeptidase activities 
of crystalline chymotrypsin were not successful (7), and the possibility was 
raised that this enzyme is a protein that exhibits two separate enzymatic 
specificities. On the other hand, in the case of Preparation B, partial in¬ 
activation of the aminopeptidase activity toward PA could be effected with- 
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out any concomitant decrease in the endopeptidase activity toward GPA 
(Table III). Furthermore, comparison of the relative rates of hydrolysis 
of GPA and PA by enzyme Preparations A and B supports the conclusion 
that these two substrates are split by different enzymes of swine kidney. 
It may be added that, as in the case of GPA, the hydrolysis of PA by these 
enzyme preparations follows the kinetics of a first order reaction. 

The data in Table III clearly differentiate cathepsin II from the swine 
kidney enzymes that act on GPA and PA. It will be noted that, after 
exposure of Preparation B to 62° for 30 minutes, its activity toward BAA 
decreased by 58 per cent, while the activity toward GPA remained un¬ 
changed. As a result of this treatment, the action on PA was decreased 
by 26 per cent. Experiments are in progress to determine whether the 

Table III 

Partial Inactivation of Swine Kidney Enzyme Preparation B 
A dialyzed solution of enzyme Preparation B was warmed to 62° for 20 minutes and 
then chilled in ice water. The resulting enzyme solution is referred to as Preparation 
Bi. Another aliquot of Preparation B was warmed to 52° for 30 minutes and then 
chilled. This enzyme solution is termed Preparation B 2 . The hydrolytic experi¬ 
ments were conducted at pH 5 (citrate buffer) and in the presence of cysteine 
(0.004 m). 



Proteolytic coefficient 

Substrate 





Preparation B 

Preparation B» 

Preparation Bj 

Glycyl-L-phenylalaninamide. 

0.071 

0.072 

0.068 

L-Phenylalaninamide. 

0.0068 

0.0046 

0.0050 

Benzoyl-L-argininamide. 

0.0078 | 

1 ; 

0.0033 


relative heat stability of the chymotrypsin-like endopeptidase of swine 
kidney extracts can be used in the further purification of this enzyme. 

Action of Enzyme Preparation B on Proteins —Advantage has been taken 
of the availability of the partially purified cathepsin Preparation B to test 
its action on proteins. It was of interest to find that no appreciable cleav¬ 
age of the peptide bonds of gelatin or of /3-lactoglobulin occurred in the 
absence of added cysteine. As will be noted from Table IV, these proteins 
were readily split in the presence of cysteine. When Preparation B was 
warmed to 52° for 30 minutes, the rate of protein hydrolysis, as measured 
by the liberation of amino nitrogen, is markedly decreased. The data in 
Table IV show that the extent of inactivation of the enzymes acting on 
gelatin and j8-lactoglobulin is similar to the extent of inactivation of cathep¬ 
sin II. Since the chymotrypsin-like endopeptidase of swine kidney is active 
in the absence of added cysteine and is stable at 52°, it may be surmised 
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that this enzyme plays a secondary rdle in the hydrolysis of the two pro¬ 
teins under study. The data in Table IV support the view, therefore, that 

Table IV 

Action of Swine Kidney Enzyme Preparation B on Proteins 
Concentration of protein substrates, 0.49 mg. of protein N per cc. of test solution; 
pH 5 (citrate buffer); cysteine (0.004 m). 


Enzyme, 
protein N 
per cc. test 
solution 

Increase in NH*-N in 3 hrs.* 

Inacti¬ 

vation 

*BAA X 10 * 

Inacti¬ 

vation 

Control 

\ 

Inactivated! 

Control 

Inacti¬ 

vated! 


Gelatin 

0-Lacto- 
globulin ! 

mg. 

0.128 

0.198 

mg. mg. 

0.089 i 

| 0.043 

mg. 

0.056 

mg. 

0.022 

per cent 

87 

49 

1.00 

1.85 

0.60 

0.80 

per cent 

40 

56 


* The hydrolysis of the proteins was followed by means of the Van Siyke nitrous 
acid method. The results are expressed in terms of mg. of amino nitrogen per cc. of 
test solution. 

t The enzyme solution used as the control was heated to 52° for 30 minutes, as 
•described in Table III. 


Table V 


Effect of Crystalline Trypsin Inhibitor on Hydrolysis of Benzoyl-L-argininamide 
by Trypsin and Cathepsin II 


1 

j 

Enzyme i 

Inhibitor* con¬ 
centration per cc. 
test solution 

j 

*BAA X W 

Inhibition 


mg. 


per cent 

Crystalline trypsin (0.026 mg. pro- 

0 

2.6 


tein N per cc. test solution) f 

0.0226 

1.8 

31 

; 

I 0.0456 

1.3 

50 

Swine kidney Preparation A (1.46 

0 

2.5 


mg. protein. N per cc. test so¬ 

0.0226 

2.6 

0 

lution) t 

0.0456 | 

2.6 

0 


* The authors are indebted to Dr. M. Kunitz for a 3 times crystallized sample of 
this material. 

t Tested at pH 7.5 (phosphate buffer). 

X Tested at pH 5 (citrate buffer) and in the presence of cysteine (0.004 m). 

cathepsin II is able to hydrolyze the peptide bonds of proteins such as gela¬ 
tin and 0-lactoglobulin. 

Effect of Crystalline Soy Bean Inhibitor on Trypsin and on Cathepsin II — 
Kunitz (15) has isolated from soy beans a crystalline protein which inhibits 
the action of pancreatic trypsin on proteins. The data in Table V show 
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that this inhibitor also decreases the rate of action of trypsin on BAA* At 
comparable levels of inhibitor concentration, however, no diminution of 
cathepsin II activity on BAA can be observed. This difference in the be¬ 
havior of the two homospecific enzymes (trypsin and cathepsin II) may be 
added, therefore, to the previously recognized differences in their pH optima 
and response to activators such as cysteine (2). 

EXPERIMENTAL 

Swine Kidney Enzyme Preparation B —5 gm. of Preparation A (1, 2) were 
dissolved in 25 cc. of distilled water and dialyzed against distilled water 
ior 12 hours. The precipitate which appeared was removed by centrif¬ 
ugation and the supernatant was diluted to 50 cc. To 45 cc. of this so¬ 
lution there was added an aqueous solution of yeast nucleic acid (550 mg. 
in 22 cc.; pH 6.5). 0.5 m acetic acid was then added with mechanical 
stirring until the pH was 4.2 to 4.3. After the mixture had been allowed 
ip stand at 5° for 12 hours, the precipitate which had separated was filtered 
with the aid of 200 mg. of Filter-( ’el, and stirred with 30 cc. of ice-cold water. 
The suspension was centrifuged at once and to the precipitate there w r ere 
added an aqueous solution of BAA (20.8 mg. in 0.5 cc.) and 10 cc. of 0.06 
m citrate buffer (pH 4.3). The mix tine was stirred at 42° for 10 minutes, 
centrifuged, and the sediment reextracted with fresh solutions of BAA and 
of citrate buffer. The eluates from both extractions were combined (vol¬ 
ume, 21 cc.) and there were added, with stirring, 5*6 gm. of ammonium 
sulfate. The resulting precipitate was centrifuged off, and to 20 cc. of the 
supernatant there were added, with stirring, 25 cc. of saturated ammonium 
sulfate. The precipitate was collected by centrifugation and dissolved in 
10 cc. of ice-cold water. The enzyme solution was then dialyzed against 1 
per cent sodium chloride for 18 hours. 

Enzymatic Studies —The methods employed in following the rate of hy¬ 
drolysis of the synthetic substrates were the same as those described in (7), 
except that the temperature was 38° in all cases. The synthesis of the 
peptides and peptide derivatives used in the present studies has been de¬ 
scribed in previous papers of this series. 

SUMMARY 

There has been obtained, from aqueous swine kidney extracts, a partially 
purified enzyme preparation which hydrolyzes synthetic peptide deriva¬ 
tives previously found to be substrates for crystalline chymotrypsin. Evi¬ 
dence has been offered for the presence, in such purified preparations, of an 
endopeptidase and an aminopeptidase which, in the presence of cysteine, 
hydrolyze peptide bonds involving the carbonyl group of tyrosine or phenyl¬ 
alanine. Tins chymotrypsin-like action may be differentiated from the 
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trypsin-like activity of cathepsin II, also present in purified swine kidney 
preparations, by a marked difference in their stability to heat. 

The partially purified swine kidney preparation hydrolyzes peptide bonds 
of proteins (gelatin, 0-lactoglobulin) and the available evidence suggests 
that cathepsin II may be involved in this action. 

The crystalline trypsin inhibitor from soy beans has no effect on the 
action of cathepsin II on benzoyl-L-argininamide, although it inhibits the 
hydrolysis of this substrate by crystalline trypsin. 
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Arginase appears to be one of the first enzymes which was studied in cell 
nuclei isolated on a relatively large scale by physicochemical methods. 
This enzyme was measured in isolated nuclei of liver cells by Behrens (1) 
who reported that the arginase activity per dry weight of isolated nuclei was 
about equal to the arginase activity of cytoplasm per dry weight in the case 
of mammalian liver. It was reported later from this laboratory (2) that 
the activity of arginase per dry weight of nuclei isolated by a different 
method from rat liver was 40 to 50 per cent of its activity per dry weight of 
whole rat liver. Recently the method of isolating nuclei of rat liver which 
was previously used in this laboratory has been improved, chiefly by better 
control of the pH and by employing a low temperature throughout the 
isolation procedure 1 (3). It was discovered that the arginase activity of a 
sample of nuclei isolated from normal rat liver by the improved method was 
considerably higher than previously reported, and therefore it appeared 
desirable to reinvestigate the question of the activity of this enzyme in 
isolated liver cell nuclei. Moreover, it has recently been possible to extend 
the improved method of isolating liver cell nuclei to kidney and pancreas, 
and therefore it has been possible to extend the work on arginase to nuclei 
isolated from these two tissues. The chief results of the new investigation 
are (a) that the activity of arginase per dry weight of nuclei isolated from 
rat liver cells is slightly higher than the corresponding activity per dry 
weight of whole rat liver; (6) that the arginase activity of nuclei isolated 
from dog, lamb, rat, or chicken kidney is negligible, although arginase ac¬ 
tivity can be measured in the whole kidney of all of these species; and (c) 
that the arginase activity of whole chicken liver and whole sheep pancreas, 
as well as of nuclei isolated from these tissues, is extremely low or zero. Ex¬ 
periments also have been carried out to determine whether the arginase of 
isolated liver cell nuclei is an integral part of the nucleus, or whether it is 

1 The method described in this paper for isolating cell nuclei from dog or lamb 
kidney is essentially the same as the improved method for isolating cell nuclei from 
rat liver (3). A few layers of fine cheese-cloth can be substituted for the flannel used 
in straining the kidney preparation, and the material need be passed through this 
cheese-cloth only once. Also, one sedimentation is sufficient for removing whole 
cells and fiber from the liver cell nuclei. 
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merely acquired by adsorption or chemical combination from the cyto¬ 
plasmic arginase during the process of isolating the nuclei. It has been con¬ 
cluded from this part of the work that in all probability the arginase is an 
integral part of the nucleus. 


EXPERIMENTAL 

Preparation of Isolated Nuclei of Rat Liver Cells —The method described 
elsewhere 1 (3) was employed. 

Preparation of Isolated Nuclei of Kidney {Dog, Lamb, Rat, and Chicken )— 
Most of the medulla of the kidneys is removed and as much fibrous tissue as 
possible is removed and discarded. The kidneys are then cleaned of 
dlbris and are frozen in the freezing compartment of an electric refrigerator. 
50 gm. of frozen cleaned kidney are cut into small pieces and blended in the 
Waring blendor 8 for 10 seconds with 100 ml. of ice-cold distilled water. 4.2 
ml. of 0.1 m citric acid are added during the next 10 seconds of blending. 
The suspension is filtered immediately through one layer of fine cheese¬ 
cloth; the residue on the cloth is washed with 25 ml. of ice-cold distilled 
water. The filtrate is then refiltered through one layer of fine flannel. 
During the filtration the suspension must be kept cold either by using an ice 
bath or by working in a cold room. The filtering mixture may be agitated 
with a stirring rod but the residue should not be squeezed out at any time. 
The total time of filtration should not exceed 15 minutes. The filtered 
material is blended for 5 minutes. During this time 125 gm. of ice are 
added. The final temperature should not exceed 5° and the pH should be 
between 5.8 and 6.0. Then the suspension is filtered through two layers of 
fine cheese-cloth and placed in two 250 ml. centrifuge tubes and centrifuged 
at approximately 2000 r.p.m. for 20 minutes. The supernatant is decanted 
up to the loosely packed sediment and discarded. Now the sediments of 
the two cups are combined and thoroughly stirred with enough ice-cold 
distilled water to make a total volume of approximately 200 ml. The sus¬ 
pension is then centrifuged in one cup for 15 minutes at approximately 1700 
r.p.m. The supernatant is decanted from the packed material and dis¬ 
carded. The washings with 200 ml. of ice-cold distilled water are repeated 
twice and the suspensions are centrifuged at approximately 1400 and 1000 
r.p.m. for 10 and 7 minutes respectively. After the last washing, the sedi¬ 
ment consists of only nuclei, fiber, and some very fine particles. The sus¬ 
pension is made up to 100 ml. with ice water and sedimented in a sediment- 

* The speed of the Waring blendor is fairly critieal. The old style blendor which 
draws 2 amperes of current operates at the correct speed, but the new style blendor 
which draws 8 amperes must be operated with a rheostat in series which reduces the 
Operating voltage to about 95 volts, in order to avoid disintegratinK the nuolei them- 
selves. 
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ing apparatus (Fig. 1) for 2 hours in the cold room. At the end of this time 
the top 95 ml. are separated from the 5 ml. at the bottom and centrifuged 
for 5 minutes at approximately 1000 r.p.m. The nuclei are suspended in a 
small amount of ice-cold water and examined under the microscope. 



.Fig. 1. Sedimentation apparatus. 1, 100 ml. graduated cylinder with bottom re¬ 
moved, cemented to a ground glass plate; 2, lower ground glass plate with circular 
hole of the same diameter as the hole in the upper plate, cemented to a graduated 50 
ml. syringe; 5, upper ground glass plate with a circular hole of the diameter of the 
graduated cylinder, displaceable laterally in order to imprison the sedimented ma¬ 
terial; 4, 50 ml. graduated syringe with bottom removed, cemented to the lower 
ground glass plate and to be mounted in some suitable supporting frame; 5, plunger 
of the syringe for adjusting the volume of heavy sediment to be removed. 


Should the preparation still be contaminated with fiber, the sedimentation 
procedure must be repeated, this time with only 50 ml. of suspension, allow¬ 
ing the material to undergo sedimentation for only 1 hour (in the cold room). 
If any fine particles remain after sedimentation, they are removed by cen¬ 
trifuging with 200 ml. of ice-cold water at 700 to 1000 r.p.m. This pro- 
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cedure unfortunately may also cause some loss of smaller nuclei. The final 
sediment, consisting of isolated nuclei, should be suspended in a small 
amount of ice-cold redistilled water and placed in the refrigerator. 

A photograph of dog kidney cell nuclei prepared as described above is 
shown in Fig. 2. 

Preparation of Isolated Nuclei from Chicken Liver —These were prepared 
with the use of the Waring blender in the same manner as for the prepa¬ 
ration of other liver nuclei. The nuclei were very free from cytoplasm and 
quite small in size. 



Fig. 2. Photograph of dog kidney cell nuclei 

Preparation of Isolated Cell Nuclei from Sheep Pancreas — Essentially the 
same method was used as is described above for the preparation of nuclei 
from dog and sheep kidney. 

Method of Determining Arginase —The procedure previously employed in 
this laboratory (2) was used, with slight modification of washing the dixan- 
thyl urea only once with 50 per cent acetic, acid and once with water, instead 
of twice with 50 per cent acetic acid and twice with water. Also, in most 
cases a substrate concentration of 3 per cent arginine carbonate was used 
instead of 1 per cent arginine carbonate. The relationship between the 
mg. of dixanthyl urea produced by a given amount of liver homogenate or 
of nuclei with 3 per cent substrate and that produced by using 1 per cent 
substrate is essentially linear, as is shown in Fig. 3. All weights of dixan¬ 
thyl urea obtained with 3 per cent substrate were converted by the curve in 
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Fig. 3 to weights of dixanthyl urea that would have been obtained with 1 
per cent substrate, and the values of K per gm. for arginaae which appear in 
Tables I, II, and IV were calculated on the bads of 1 per cent substrate, in 
order to obtain results which are comparable to those previously published 
(2). Although the use of 3 per cent arginine carbonate gives somewhat 
greater amounts of dixanthyl urea than does 1 per cent arginine carbonate, 
we do not think the waste of substrate is justified and recommend the use of 
1 per cent substrate for this reaspn. In order to change the kinetics of the 
reaction from first order to zero order, which is always a desirable procedure 
in enzyme work, it would be necessary to employ substrate concentrations 
of 5 per cent or higher. 



MG. DIXANTHYL UREA USING 
S PER CENT SUBSTRATE 

Fig. 3. Relationship between K values of arginase obtained with 8 per cent 
arginine carbonate and those obtained with 1 per cent arginine carbonate. O, values 
obtained without MnSO,; A, values obtained with MnSO«. 

I 

In determining the arginase activity of isolated rat liver nuclei, 0.1 ml. o 
a suspension containing about 8 to 10 mg. of nuclei (dry weight) per ml. was 
added to the arginine carbonate. In determining toe activity of whole rat 
liver, 0.2 to 0.3 gm. of liver was homogenized in a ground glass homogenizer 
of toe design shown in Fig. 4, with 5 ml. of water. 0.1 ml. of toe suspension 
which contained 12 to 15 mg. (dry weight) per ml. was added to the arginine 
carbonate solution. The arginine carbonate was prepared by adjusting 
arginine monohydrochloride to pH 0.0 with sodium carbonate. 

In working with tissues other than liver, more concentrated suspensions 
were used and in some cases (nuclei of kidney cells, pancreas cells, and 
chicken liver) toe reaction was allowed to prooeed for 1 to 3 hours. In cases 
in which MnSO* was used as an activator, this was added as 0.1 ml. of a 1 
pec cent solution. 

It Bhouid be pointed out that in all cases in which nuclei were isolated 
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from rat liver five to six livers were pooled to give 50 gm. of material from 
which the nuclei were obtained. Thus each value for the K per gm. of 
isolated nuclei of rat liver cells in a way represents an average value for five 
or six livers. In working with rat kidney, a much larger number than six 
kidneys was used. With dog kidney, however, the kidneys of only one 
animal were used. In the case of lamb and chicken, two pairs of kidneys 
were used. 

Approximately equal numbers of male and female rats were used in deter¬ 
mining the values of K per gm. of the whole liver homogenate and in making 



Fig. 4. Ground glass homogenizer. 1, Pyrex glass homogenizer tube; 2, bottom 
of homogenizer tube, ground to fit the pestle; S, short glass rod held in the chuck of 
the stirring motor; 4, rubber or Tygon connecting tubing; 5, Pyrex glass rod; 6 , 
rubber or Tygon connecting tubing; 7, pestle ground to fit the bottom of the homog¬ 
enizer tube, with grooves on side and bottom. 

a given sample of nuclei, but in general no attention was paid to the sex of 
the animal in a given determination. 

Analysis of Isolated Nuclei from Liver Cells for Metals —A sample of rat 
liver cell nuclei of 86 mg. of dry weight was ashed in the muffle furnace and 
the ash, which weighed 1 mg., was digested with a small amount of con¬ 
centrated HtSO* Most of the H2SO4 was then gradually replaced by 
HC1 with evaporations nearly to dryness, and finally the residue was 
taken up in 2 ml. of distilled water. A small amount of material which re¬ 
mained undissolved and which probably contained a high percentage of 
silica was discarded, and the supernatant solution was analyzed spectro- 
graphically for the metals by Dr. L. T. Stedman of the Atomic Energy 
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Project (see Table III). The values in Table III are calculated on the 
basis of gm. of the element per 100 gm. of nuclei (dry weight). 

Results of Determination of Arginase Activities of Various Whole Tissues 
and Isolated Cell Nuclei —Table I includes a number of determinations of 
arginase in whole tissue homogenates from rat and hen liver and dog, lamb, 
rat, and hen kidney. The results of determinations of the arginase activi¬ 
ties of cell nuclei isolated from these tissues also are indicated. The distri¬ 
bution of the values for arginase activity in normal rat liver homogenate, 
determined on fifteen different liver samples without the addition of 
manganese, is shown in Fig. 5. 


Table I 

Activity of Arginase Expreseed As K* Per Gm. of Dry Weight for Various Whole Tissue 
Homogenates and Isolated Cell Nuclei 


Type of material 
studied 

♦ 

Normal rat livert 

Regenerating 
rat liverf 

Hen 

liver 

Rat kidney 

Dog 

kidney 

Lamb 

kidney 

Hen 

kid- 

ney 

Sheep 

pan¬ 

creas 

Whole tissue 

4.9 (15) 

3.7 (i) 

0 

0.09 

0.13 

Trace 

0.029 

0.41 

0 

Isolated cell 
nuclei 

7.6J (6) 

8.7 

9.2 

8.9 

7.4 

5.4* (1) 
10.1 

0 

0.11 Average 

0 

0 

0 

0 

0 


8.6 Average 









* K » l/t logio A/{A — x), where t = reaction time in minutes, A « mg. of dixan- 
thyl urea that would be formed from complete hydrolysis of substrate, and x » mg. 
of dixanthyl urea found in experiment. 

t The figures in parentheses denote the number of experiments. 

% MnSOi added as an activator; all other results are without the addition of 
M 11 SO 4 . 


The data in Table II show that the arginase of whole liver is not fully 
activated with manganese, since the addition of manganous sulfate increases 
the activity very markedly. In most of these experiments 0.1 ml.'of 1.0 
per cent M11SO4 was added to the 1 ml. of arginine carbonate used for sub¬ 
strate, prior to addition of the whole tissue or nuclei. 

The addition of manganous sulfate to isolated liver cell nuclei on the other 
hand does not increase their arginase activity at all. This is true even when 
the nuclei are allowed to remain in dilute MnS0 4 solution before adding 
them to the substrate. It seems likely that the arginase of the cell nuclei 
is quite well liberated from the nuclear residue at pH 9.0 in arginine car- 
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bon&te; therefore it appears probable that there is sufficient metal in the 
isolated nuclei to activate the enzyme completely, although this is not true 
for whole liver homogenate. 

If the assumption is made that isolated cell nuclei are about 70 per cent 
water, it can be calculated from data given in Table II that the manganese 
concentration in isolated liver cell nuclei is approximately 6 X 10“* M. 



CLASS INTERVALS OF K PER GRAM 


Fig. 5. Distribution of values for arginase activity of normal rat liver homog¬ 
enates not activated with MnSO,, expressed as values of K per gm. of homogenate 
(dry weight). 


Table II 


Effect of Manganous Sulfate in Activating Arginase in Whole Rat Liver Homogenate 
The values listed in each row across were obtained on the same liver homogenate. 


Without MnSO* 

With MnSO* 

Per cent activation 

K p«f gm. 

K p$r gm. 


6.2 

6.4 

24 

4.4 

6.7 

62 

4.3 

6.9 

63 

3.4 

6.6 

64 

3.0 

4.1 

36 

3.8 

7.6 

96 

Average 4.0 

6.2 

66 


This concentration of manganese might be sufficient for activation of all of 
the arginase in the nuclei even if none of the other metals which are listed 
in Table III as being present in the nuclei contribute anything to the metal 
activation of arginase. 

The arginase activity of isolated rat liver cell nuclei decays rapidly for a 
time and then remains at approximately a constant activity when the nuclei 
are kept at +3° in the ice box, suspended in distilled water. Decay curves 
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for three samples of nuclei are shown in Fig. 6. These curves show that the 
nuclei must be freshly made if maximal arginase activity is to be obtained, 
and also that manganese does not affect the decay curve appreciably. Hie 
values listed in Table I for the arginase activities of isolated cell nuclei are 
for freshly prepared nuclei, not more than 6 hours old if the time is counted 

Table III 


Metals in Isolated Cell Nuclei of Rat Liver 


Element 

Per cent in rat liver cell nuclei 

Cu... 

a.s x 10-* 

A1. 

1.7 X 10-* 

Fe. 

1.1 X 10-* 

Mg. 

7.0 x 10~* 

Mn. 

1.4 X 10~* 

Zn. 

1.2 X 10~* 

Ca. 

2.3 X 10~ 4 




Fig. 6 . Decay of arginase in isolated cell nuclei preparations. V, Sample 1, 
without MnSO<; O, Sample 2, without MnSO,; □, Sample 2, with MnSO,; A, Sample 
3, without MnSO,. 

from the moment the frozen liver is added to the Waring blendor. It is 
assumed that the arginase in the cell nuclei does not decay appreciably be¬ 
fore the isolation of the nuclei while the liver is being frozen, since this 
appears to be true for the whole tissue. 

The results given in Table I show that the average value for K per gm. of 
cell nuclei isolated from normal rat liver is 8.6, while the average value of 
K per gm. of whole normal rat liver homogenate, after activation with 
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M 11 SO 4 , is 7.6. This latter value was calculated by applying the average 
per cent activation caused by MnSCU in the six experiments shown in Table 
II to the average value of the arginase K per gm. for whole rat liver homo¬ 
genate given in Table I and calculated from the fifteen determinations on 
different liver samples for each determination. (This average value is 4.9; 
(4.9 X 0.56) + 4.9 == 7.6.) The value of K per gm. of 7.6, thus obtained, 
is higher than the average value of 6.2 obtained directly from the data in 
Table II, but the values of K per gm. without adding MnS 04 , which are 
given in Table II, yield an average value which is considerably lower than 
that obtained by averaging all of the fifteen determinations. 

Briefly then, the average K per gm. of arginase in cell nuclei of rat liver 
is about 113 per cent of the value of completely activated whole rat liver 
homogenate; the values of K per gm. for dog, lamb, rat, and chicken 
kidney are very much lower, and the value of K per gm. of cell nuclei 
isolated from the above tissues is negligibly small compared to that of rat 
liver or cell nuclei of rat liver. 

No attempt was made to determine whether the trace of precipitate 
obtained with cell nuclei of the latter tissues was due to a very small but 
real arginase activity or whether it was an artifact due, for example, to bac¬ 
terial action. We can state that K per gm. of these nuclei was at the most 
not greater than 0.002, or 10 per cent of the average value for lamb kidney. 
The time of incubation required to get enough urea to give any visible 
dixanthyl urea precipitate was so long that bacterial growth must have 
occurred in at least some cases. The values for the whole kidney homo¬ 
genates represent real values for arginase activity, as anyone acquainted 
with the literature on the determination of arginase will no doubt concede, 
but we do not claim that our method of determination gives very accurate 
results in the case of kidney homogenates in which the arginase activity is 
quite low. 

Experiments Relating to Possible Adsorption of Cytoplasmic Arginase by 
Cell Nuclei —A quantity of nuclei isolated from dog kidney and calculated to 
weigh 18.6 mg., if dried, was centrifuged from an aqueous suspension and 
was resuspended in 2 ml. of partially purified, soluble beef liver arginase 
solution having a monomolecular reaction velocity constant K of 2.2 per ml. 
(This represents a fairly strong arginase solution.) The arginase solution, 
which was water-clear and nearly colorless, and which contained a small 
amount of M11SO4 as activator, had been prepared previously from beef 
liver. 

The nuclei were recovered by centrifugation from the arginase solution 
after having been suspended in it for half an hour and were washed six times 
with distilled water. The K per gm. (dry weight) of the recovered nuclei 
was 0.11. By referring to Table I it can be seen that the nuclei had gained 
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an appreciable amount of arginase activity, but oh a dry weight basis their 
activity was only 1.3 per cent of the activity of nuclei isolated from rat 
liver cells. 

This experiment was repeated, with more dilute beef liver arginase, ip 
order to duplicate more closely the arginase activity of the supernatant of 
rat liver homogenate used for isolation of cell nuclei. A quantity of nuclei 
from lamb kidney calculated to weigh 4 mg., if dried, was suspended for half 
an hour in 1 ml. of arginase solution having a monomolecular reaction 
velocity constant K of 0.03 per Ini. The nuclei were recovered by centrifu¬ 
gation, washed six times with distilled water, and the arginase concentration 
was determined. The K per gm. of nuclei, on a dry weight basis, was 0.28, 
which indicates that the nuclei had an activity of only 3.3 per cent that of 
cell nuclei of rat liver, on a dry weight basis. 

Another experiment was carried out in which the arginase was added to 
the homogenizing material in the Waring blendor 1 minute before homogen¬ 
ization was stopped. In this case the arginase concentration was adjusted 
so as to be of the same order of magnitude as the concentration of arginase 
in the clear supernatant from the rat liver homogenate after centrifuging off 
both the nuclei and the insoluble cell granules in a high speed centrifuge. 
This procedure was adopted because it was found that much of the cyto¬ 
plasmic arginase in the case of liver remained bound to cytoplasmic granules 
at the pH of the isolation of nuclei (6.0). This bound portion of the 
arginase therefore was discarded when the nuclei were freed from the last 
contaminating granules. 

After adding the arginase to the suspension of lamb kidney in the Waring 
blendor, the lamb kidney nuclei were isolated as usual, and their arginase 
activity was measured. Again appreciable arginase had combined with the 
nuclei; its concentration in the nuclei amounted to K per gm. of 0.52. This 
is, however, only 6 per cent of the arginase activity of nuclei isolated from 
rat liver. 

Finally the experiment described last was repeated exactly, except that 
chicken liver was used instead of lamb kidney. In this case no detectable 
amount of arginase appeared in the isolated nuclei. 

The results of the experiments on the possibility of adsorption of arginase 
by cell nuclei from the cytoplasmic arginase are summarized in Table IV. 
If cell nuclei of rat liver behave similarly to cell nuclei of dog and lamb 
kidney and chicken liver, it is unlikely that a transfer of dissolved enzyme 
from the cytoplasmic material to the nuclei during isolation of the nuclei 
could be of sufficient magnitude to affect the quantity of arginase in the 
nuclei appreciably. It also appears unlikely that lamb arginase would 
behave in a significantly different manner towards lamb cell nuclei than 
would beef arginase. If crystalline arginase should become available in the 
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future, however, it might be worth while to carry out an experiment on 
“adsorption” of arginase by nuclei with the homologous enzyme. 

Possible Adsorption of Arginase by Cell Granules —It may be of interest to 
those working on isolated cell granules to know that the amount of added 
arginase taken up or adsorbed by the cytoplasmic granules was negligible in 
the experiment in which the diluted beef liver arginase was added to the 
homogenized lamb kidney in the Waring blendor. In this work a sample of 
the granules (all sizes taken together) was obtained by centrifugation in the 
cold at 18,000 r.p.m. The supernatant solution, which was perfectly clear, 
contained practically all of the added arginase. 


Table IV 

Adsorption of Arginase by Cell Nuclei 


I Isolated cell nuclei placed 


Arginase solution added to 
I cell homogenate in Waring 


■ „i„*» _ | tcu numugcnuic in waring 

m arginase solution 'blendor; nuclei then isolated 



Cell nuclei of 
dog kidney 
with strong 
arginase solu¬ 
tion, K per 
ml. *» 2.2 

Cell nuclei of 
dog kidney 
with diluted 
arpinase solu¬ 
tion, K per 
ml. * 0.M 

Cell nuclei 
of lamb 
kidney 

i Cell nuclei 
j of chicken 
| liver 

Arginase activity, K per gm. dry weight 

0.11 ; 

0.28 1 

I 0.52 

i 

0 

Arginase activity, % of activity of rat 

1.3 

3.3 ; 

6.0 

i 0 

liver nuclei 

i 

i 

j 


I 


DISCUSSION 

It has been demonstrated in the foregoing paragraphs that the arginase 
content of the nuclei of rat liver cells is in all probability as high or higher 
in concentration than it is in the cytoplasm. The studies on whole liver 
can be taken to approximate cytoplasm, since the amount of nuclear ma¬ 
terial in a whole liver homogenate cannot be more than 10 per cent on a dry 
weight basis, as can be deduced from the studies of Marshak (4). One of 
the simplest possible explanations of this finding is that the enzyme arginase 
is synthesized in the cell nucleus and then passes out into the cytoplasm. 
It appears to us that the arginase located in the liver cell nucleus is not likely 
to have any functional significance peculiar to the cell nucleus, since this 
enzyme appears to fulfil a special rdle in metabolism in the formation of urea 
which in animals is limited to the liver. Furthermore, the substrates for 
urea formation must to a large extent come into the liver cells from the cir¬ 
culation, and thus they have to reach the cytoplasm before penetrating to 
the nucleus. It is entirely possible that the concentration of arginine in the 
nucleus may for this reason be very low compared to its concentration in 
cytoplasm where presumably the bulk of the urea formation is occurring. 
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For this reason the nuclear arginase may have little or no substrate to act 
upon. 

It has also been demonstrated that the arginase activity of nuclei isolated 
from kidney cells is negligible, although arginase activity is easily demon¬ 
strable in whole kidney tissue. 

It has been suggested by Kochakian (5) that the arginase of kidney is in 
reality a transamidinase which is responsible for the formation of glycocy- 
amine and which accidentally possesses weak arginase activity. The fact 
that liver arginase is enormously higher in activity than kidney arginase 
lends strength to this idea. It is hard to imagine that such a small amount 
of arginase as occurs in the kidney can have any functional significance 
unless it is concentrated in a limited number of cells. If indeed the so called 
kidney arginase is not a true arginase, there is no r&son a priori to predict 
its presence in kidney cell nuclei, since even in the case of liver we have en¬ 
countered enzymes such as choline oxidase ( 6 ) and succinic dehydrogenase* 
( 2 ) which are present in very low concentration or absent in the cell nuclei. 

The chief findings of interest in this work are, therefore, that the enzyme 
arginase appears to be a real constituent of nuclei of rat liver cells, and that 
it is present there in as high or higher concentration than in the cytoplasm. 
The latter finding indicates the possibility that arginase may be synthesized 
in the cell nucleus, particularly when one realizes that there may be little or 
no substrate for the enzyme to work upon in the nucleus. 

SUMMARY 

1 . Cell nuclei have been isolated by an improved method from normal rat 
liver, normal chicken liver, normal dog, lamb, rat, and chicken kidney, and 
normal sheep pancreas, and the arginase activities of the cell nuclei isolated 
from these tissues have been compared. 

2 . The arginase activity per dry weight of cell nuclei isolated from normal 
rat liver is now found to be about 113 per cent of the activity of normal 
whole rat liver homogenate when the latter is activated by the addition of 
M 11 SO 4 . MnSO< does not increase the arginase activity of nuclei isolated 
from normal rat liver. 

* Recent repetition of work on succinic dehydrogenase with cell nuclei of rat liver 
isolated by the improved method (3) has confirmed our earlier results (2) that the 
activity of this enzyme is negligible in the nuclei compared to its activity in the whole 
liver homogenate. Both the Warburg technique and the methylene blue technique 
again were used. As before (2) cytochrome oxidase was found to be present in very 
appreciable amount, although a careful reinvestigation of its quantitative activity 
has not yet been made. We wish to thank Frederick G. Smith for estimating the 
cytochrome oxidase activity of the isolated nuclei by means of a new colorimetric 
method. It thus appears to be possible to use the absence of succinic dehydrogenase 
as one indication of freedom from cytoplasm of the isolated cell nuclei. 
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3. The arginase activities of cell nuclei isolated from the kidney of dog, 
lamb, rat, and chicken are extremely small or zero, although by the method 
employed the presence of arginase could easily be shown in the whole 
homogenates of these tissues, all of which have low arginase activities 
compared to normal rat liver homogenates. 

4. Experiments designed to detect a possible transfer of arginase from the 
soluble cytoplasmic fraction to the nuclei during the process of isolation of 
the nuclei indicate that any such transfer would probably be too small in 
magnitude to affect appreciably the arginase activity of the isolated nuclei. 
The same can be said, incidentally, of a possible transfer of dissolved 
arginase to the cytoplasmic granules. 

We gratefully acknowledge the continued support of the Donner Foun¬ 
dation, which made this work possible. 
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EFFECT OF AMINO ACIDS ON THE GROWTH OF RATS ON 
' NIACIN-TRYPTOPHAN -DEFICIENT RATIONS* 


By L. V. HANKES, L. M. HENDERSON, W. L. BRICKSON, and 
0. A. ELVEHJEM 

(From the Department of Biochemistry , College of Agriculture, University of 
Wisconsin, Madison) 

(Received for publication, March 31,1948) 

Previous work (1,2) in our laboratory showed that the addition of protein 
hydrolysates or certain amino acids to a 9 per cent casein-sucrose ration 
deficient in niacin resulted in a marked reduction in the growth rate of rats. 
The further addition of either niacin or tryptophan restored growth to a 
rate equal to or exceeding that of rats receiving the unsupplemented basal 
ration. Subsequent experiments (3) have shown that a mixture of amino 
acids simulating 2 per cent acid-hydrolyzed casein is equally effective in 
inducing the niacin deficiency. The experiments reported in this paper 
deal with the effect of individual amino acids and the possible mechanism 
of their action. 


EXPERIMENTAL 

The procedures used in these experiments were similar to those employed 
in previous studies. 3 week-old male Sprague-Dawley rats, kept in indi¬ 
vidual cages, were fed ad libitum over a 5 week experimental period, and 
weighed at weekly intervals. The basal diet had the following composition: 
sucrose 81.8 per cent, corn oil 5 per cent, casein 1 9 per cent, Salts IV 4 per 
cent (4), i,-cystine 0.2 per cent, and vitamins added as a dry mixture diluted 
with sucrose to provide the following quantities per 100 gm. of diet: thi¬ 
amine 0.2 mg., riboflavin 0.3 mg., pyridoxine 0.25 mg., calcium DL-panto- 
thenate 2 mg., choline chloride 100 mg., inositol 10 mg., biotin 0.01 mg., 
and folic acid 0.02 mg. Halibut liver oil fortified with vitamins E and K 
and diluted with corn oil was used as a source of the fat-soluble vitamins. 
This was fed by dropper once each week to provide approximately the fol- 

* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by grants from the National 
Dairy Council, on behalf of the American Dairy Association, and the Nutrition 
Foundation, Inc. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for the sup¬ 
ply of crystalline B vitamins, and to the Abbott Laboratories, North Chicago, 
Illinois, for the generous supply of haliver oil. 

1 Smaco purified casein. 
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lowing daily intakes: vitamin A 400 i.u.,* vitamin D 4 i.u., 2-methyl-l ,4- 
naphthoquinone 0.06 mg., and a-toeopherol 0.7 mg. The average growth 
rate for twelve negative control rats was 12 gm. per week, and for twelve 
positive control animals 16 gm. per week in the series of four experiments 
reported here. The symptoms noted in those animals which received the 
rations containing growth-suppressing amino acids were roughness of fur 
and inflammation of the paws and nose. These symptoms appeared after 
the rats had received the experimental ration for more than 2 weeks. 

Feces were collected from selected groups of animals during the 4th week 
in two of the experiments. The feces were dried in vacuo, and samples 
weighing 0.4 gm. were hydrolyzed with 20 cc. of 1 n NaOH by autoclaving 
at 15 pounds pressure for 1 hour. After neutralizing, the diluted samples 
were assayed for nicotinic acid according to the method of Teply et al. (5). 
The values obtained are recorded in Table III. 

Following the 5 week growth period of one experiment urine was collected 
under toluene from rats from selected groups. The N l -methylnicotinamide 
content was measured by the acetone-fluorometric method of Huff et al. (6). 

In the first, experiment two mixtures of amino acids were used; Mixture 
I contained those amino acids which had been fed in the previous experi¬ 
ment as the naturally occurring l isomers, and Mixture II those which had 
been fed as the racemic mixture. These mixtures represented an arbitrary 
division of the amino acids previously used (3) into two groups based on 
the isomeric forms most readily available commercially. These amino 
acids were added to a 9 per cent casein ration at 1.267 per cent of Mixture 
I or 1.046 per cent of Mixture II to give the same concentrations of indi¬ 
vidual amino acids as previously used. 

RESULTS AND DISCUSSION 

The results of studies on the effect of amino acids on the growth of rats 
receiving the basal ration with and without niacin are shown in Table I. 
The growth, rates are tabulated as percentage of the growth of the negative 
control group or of the positive control group. This procedure and the 
criteria used in evaluating the results arc the same as those previously em¬ 
ployed (3). The addition of amino acid Mixture II resulted in a very 
marked inhibition of growth (14 per cent of the growth of negative controls), 
while Mixture I was only slightly effective in suppressing growth (72 per 
cent of negative controls). 

A second experiment involved the use of the individual amino acids in 
Mixture II. Each of these amino acids was added separately to a 9 per 

’In the preceding paper (3) of this aeries the vitamin A and D content was 
erroneously reported as vitamin A 6 i.u. and vitamin D 0.06 l.v. The levels should 
be the same as given in this paper. 
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Table I 

Effect of Certain Supplements on Growth Rate of Rats Receiving Low Niacin Diets 


Supplement 


2 % acid-hydrolyzed casein (HjS0 4 ) 

2 % 44 “ (HC1) * 

1.267% amino acids (Mixture I) 41 
1.046% “ 44 ( 44 II)f 

2.634% “ “ ( “ I) 

0.104% DL-phenylalanine 
0.208% 

0.052% 

0.104% D-phenylalanine 
0.078% DL-threonine 
0.-166% 

0.156% 44 4- 0.05% dl- 

tryptophan (no niacin) 

0.104% DL-phenylalanine + 0.166% dl- 
threonine 

DL-Threonine (injected) 15.6mg. per day 
PL-Phenylalanine (injected) 10.4 mg. 
per day 

0.126% DL-aspartic acid 
0.28% DL-valine 
0.26% DL-isoieucine 
0.52% 

0.12% DL-serine 

0.164% L-arginine hydrochloride 
0.1% L-histidine hydrochloride *H 2 0 
0 . 2 % 

0.256% L-tyrosine 

0.276% L-lysine hydrochloride *H 2 0 

0.912% L-glutamic acid 

0.484% L-leucine 

0.328% L-proline 

0.5% fat-isocaloric replacement of 4.5% 
corn oil by Bucrose 

30% fat-isocaloric replacement of su¬ 
crose by 25 gm. corn oil 
2 % glycine 

2% 44 4- 0.5% fat-isocaloric re¬ 

placement of 4.5% corn oil by sucrose 
2 % glycine 4- 30% fat-isocaloric re¬ 
placement of sucrose by 25 gm. corn oil 
3,12% N-ethylglyoine 


Without niacin or 
tryptophan 

Plus 1.5 mg. niacin per 
100 gm. ration 

No. of 
animals 

Average fain 
as per cent 
of negative 
controls 

No. of 
animals 

Average gain 
as per cent 
of positive 
controls 

6 ! 

43 

3 

119 

6 

64 



3 

72 

3 

77 

3 

14 

3 

115 

3 

100 

3 

119 

12 

57 

3 

110 

3 

51 



3 

79 



3 

58 



3 

21 



12 ! 

17 

3 

125 

i 

| 


3 

168 

3 | 

22 



t 

3 1 

33 

3 

137 

3 1 

i 

| 

117 

3 

106 

f 

3 j 

91 - 



3 

100 



3 

91 



3 

72 



3 

104 



3 

75 



3 

83 



3 

58 



3 

117 



3 

87 



3 

115 



3 

103 



3 

71 



6 

71 

6 

107 

6 

108 

6 

131 

9 

62 



6 

33 



6 

i 

92 



3 

40 
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Table I—Concluded 


Supplement 

Without niacin or 
| tryptophan 

Plus X J mg. niacin per 
100 gm. ration 

No. of 
animals 

Average gain 
as per cent 
of negative 
controls 


Average gain 
as per cent 
of positive 
controls 

3.72% glycine ethyl ester 

3 

17 



2% glycine 4- 1 mg. pyridoxine 

3 

40 i 



0.156% DL-threonine -f 1 mg. pyridoxine 

3 

17 | 



0.104% DL-phenylalanine 4- 1 mg. pyri¬ 

3 

66 



doxine 





2% sulfasuxidine 

3 

75 



2% 41 4- 0.104% DL-phenyl¬ 

3 

83 



alanine 





2% sulfasuxidine -J- 0.156% DL-threonine 

3 

25 




* Amino acid Mixture I: L-arginine hydrochloride 0.082 gm., L-histidine hydro- 
chloride-H 2 0 0.05 gm., L-lysine hydrochloride*H 2 0 0.138 gm., L-tyrosine 0.128 gm., 
L-leucine 0.242 gra., L-glutamic acid 0.456 gm., and L-proline 0.164 gm. 

t Amino acid Mixture II: DL-phenylalanine 0.104 gm., DL-serine 0.12 gm., dl- 
threonine 0.156 gm., DL-isoleucine 0.26 gm., DL-aspartic acid 0.126 gm., and dl- valine 
0.28 gm. All of the amino acids in these mixtures are at the same level as in 2 per 
cent acid-hydrolyzed casein with the exception of threonine and isoleucine, which 
were added in quantities equal to twice those present in this amount of casein hy¬ 
drolysate. Alanine, glycine, and cystine were left out of the mixtures because the 
growth inhibition effect of the first two is known, and cystine was incorporated into 
the basal ration. 

cent casein ration in amounts equivalent to their occurrence in 2 per cent 
acid-hydrolyzed casein. It was found that 0.078 per cent nirthreonine 
suppressed growth markedly (17 per cent growth of negative controls) and 
0.104 per cent DL-phenylalanine, though fulfilling the criteria adopted, was 
not as effective as DL-threonine. In both cases the addition of niacin (1.5 
mg. per 100 gm.) to these diets resulted in growth rates greater than those 
for positive control groups. When 50 mg. of DL-tryptophan per 100 gm. 
were added to the DL-threonine-supplemented ration, a greater increase in 
the growth rate was noted (125 per cent with added niacin, 168 per cent 
with added tryptophan. The increased growth resulting from the addition 
of DL-threonine to the basal ration containing added cystine and niacin or 
tryptophan indicates that threonine may be the next most limiting nutri¬ 
ent in this ration. Hall and Sydenstricker (7) have shown that threonine 
is one of five amino acids which are limiting in a 9 per cent casein basal 
ration containing added cystine. Additional histidine, lysine, valine, threo¬ 
nine, and tryptophan were necessary for optimal growth. 

In another experiment the L-amino acids in Mixture I were investigated 
individually at twice the levels present in 2 per cent acid-hydrolyzed casein. 
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None of the L-amino acids suppressed growth sufficiently to meet the cri¬ 
teria adopted. However, it was noted that the incorporation of L-histidine 
at 0.2 per cent (4 times the level present in Mixture I) of the ration caused 
growth suppression to 58 per cent of that of the negative control group. 

The succeeding experiments were conducted in an effort to elucidate the 
mechanism of the inhibition of growth by DL-threonine and DL-phenyl- 
alanine. The d isomer of phenylalanine 3 was found to be as effective as 
the racemic acid when fed to one group of three animals. Further work 
is now in progress to determine the relative activity of the d and l forms. 
To compare two routes of administration of threonine and phenylalanine 
two groups of three rats each were injected with amounts of these amino 
acids approximately equal to those received in the ration by control rats. 
Solutions containing 15.6 mg. per ml. of DL-threonine or 10.4 mg. per ml. 
of DL-phenylalanine were injected in three equal doses over a 24 hour 
period. DL-Threonine gave marked growth suppression whether injected 
or fed, and this suppression was overcome by the addition of niacin to the 
ration. The ineffectiveness of 10.4 mg. per day of DL-phenylalanine intra- 
peritoneally may be the result of too small a quantity for this route of ad¬ 
ministration. Failure to obtain an additive effect from 0.156 per cent DL- 
threonine and 0.104 per cent DL-phenylalanine (Table I) may have been 
the result of too much threonine or insufficient phenylalanine or both to 
demonstrate such an effect. At equal levels of oral intake threonine is 
far more effective than phenylalanine. 

That the intestinal microflora may be playing a role in the influence of 
these individual amino acids on growth is shown by the fact that, when 
DL-threonine or DL-phenylalanine was added to a ration containing dextrin 
instead of sucrose, the growth inhibition was not marked (Table II). The 
incorporation of gelatin at a level of C per cent caused growth inhibition, 
indicating that two separate mechanisms may be involved in the suppres¬ 
sion caused by gelatin and threonine. Further, the growth failure when 
gelatin was fed and the correction by niacin indicates that the niacin present 
in the dextrin was not responsible for this carbohydrate difference. Acid- 
hydrolyzed casein gave only slight growth depression when added to a 9 
per cent casein-dextrin ration. The amount of inhibition obtained with 
acid-hydrolyzed casein when sucrose was the carbohydrate seemed to be 
affected by the method of hydrolysis used. A sulfuric acid hydrolysate 4 

1 We are indebted to Mr. D. G. Doherty for d- phenylalanine. 

4 Smaco casein was hydrolyzed with 5 volumes of 5 n H 2 SO 4 for 10 hours at 15 
pounds pressure in the autoclave and neutralized with solid barium hydroxide. 
The combined filtrate and washings were concentrated in vacuo to a syrup which was 
dried to a porous cake in a vacuum oven at 50°. The mixture was finely powdered in 
a mortar and stored in a brown bottle until it was incorporated into the dry ration. 
The mixture was light amber and very hygroscopic. 
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gave stronger inhibition than a hydrochloric acid hydrolysate 5 (Table I). 
The determining factor may have been the threonine and phenylalanine 
content of the hydrolysates, since microbiological determinations showed 
that 2 per cent of the sulfuric acid hydrolysate provided phenylalanine at 
0.072 per cent of the ration and threonine at 0.055 per cent. 2 per cent of 
the hydrochloric acid hydrolysate furnished phenylalanine at 0.020 and 
threonine at 0.044 per cent of the ration. 

Other factors such as vitamin and fat levels were investigated. 
Schweigert et al. (8), Rosen et al. (9), and Bell el aX . (10) have shown that 
the pyridoxine intake influences the quantities of niacin derivatives in the 
urine. In these experiments increasing the pyridoxine level from 0.25 to 
1 mg. per 100 gm. of diet did not counteract the growth inhibition caused 
by free amino acids (Table I). Salmon (11) noted poor growth in rats fed 

Table II 

Effect of Certain Supplements When Ration Contains Dextrin 


Supplement 


2% acid-hydrolyzed casein 

6 % gelatin. 

0.156% DL-threonine. 

0.104% DL-phenylalanine. 
6 % gelatin plus 30% fat. . 


i 

Without niacin 


No. of 
animals 

Average gain 
as per cent 
of negative 
controls 

! No. of | 
| animals 

Average gain 
as per cent 
of positive 
controls 

6 

65 | 

3 

92 

i 3 

15 

3 i 

103 

3 i 

80 

■ i 


! 3 i 

82 

i ! 

| ! 


3 

29 

1 

j | 



diets low in fat containing up to 18 per cent casein, and no known source 
of a deleterious agent. He found that when the fat level was increased to 
30 per cent the niacin deficiency was relieved. Qualitatively the same 
results were obtained in our studies when the level of fat in the ration was 
varied from 0.5 to 30 per cent. The reduction of the fat level to 0.5 per 
cent gave a slight reduction in growth, and elevation of the fat level to 30 
per cent gave a very slight increase in growth compared to 5 per cent corn 
oil (Table I). The effect of varying the level of fat on the growth of rats 
receiving the basal ration containing 2 per cent glycine (2) was also in- 

1 Smaco casein was hydrolyzed with 5 volumes of 5 n HCi for 16 hours at 15 pounds 
pressure in the autoclave. The solution w r as filtered, and concentrated in vacuo to a 
syrup. Water was added and the solution concentrated again to a syrup. This 
process was repeated until the solution was approximately pH 3. The hydrolysate 
from 1 kilo of casein in 3 liters of hot solution was treated with 300 gm. of norit and 
filtered through a fluted filter. After concentrating, it was dried to a porous cake 
in a vacuum oven at 50°. The cake was powdered and stored in a brown bottle. 
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vestigated. The addition of 30 per cent fat to the ration relieved the 
growth inhibition of 2 per cent glycine, while the reduction of the fat level 
to 0.5 per cent reinforced the inhibition. Better growth with high fat 
rations may be explained on the basis of a sparing action on the niacin as 
suggested by Salmon (11), or by synthesis or decreased destruction of this 
vitamin by intestinal microorganisms when a high fat ration is fed. 

Derivatives of glycine were tested on the 9 per cent casein basal ration. 
Two groups of animals were fed the ration containing 3.12 per cent N-ethyl 
glycine or 3.72 per cent glycine ethyl ester. Both derivatives gave 
a slightly stronger inhibition than an equivalent amount (2 per cent) of 
glycine itself. 

The analyses of the dried feces for nicotinic acid revealed that the daily 
excretion of this vitamin was approximately the same (7 to 12 y per day) 
in all groups regardless of the body weight or quantity of feces excreted. 
When expressed on the basis of dry weight of feces or per 100 gm. of body 
weight per day (Table III), the animals whose growth was poor showed 
greater niacin excretion, regardless of the ration received. This relation¬ 
ship was markedly altered, however, by the presence of sulfasuxidine, which 
reduced the excretion from more than 100 y per gm. to 10 y per gm., when 
added to the threonine-supplemented ration, from 40 to 10 y per gm. for 
the unsupplemented basal ration, and from 50 to 10 y per gm. for phenyl¬ 
alanine-supplemented animals. It is interesting that the sulfasuxidine 
which exerted such a profound effect on the niacin content of feces had no 
effect on the growth rate of the animals. This finding as well as the inverse 
relationship between feces niacin and growth suggests that the niacin syn¬ 
thesis in the lower tract is not the determining process in the nutritional 
relationships being studied. That niacin synthesis in some portion of the 
tract is of some importance, however, is suggested by the effect of substi¬ 
tuting dextrin for sucrose in the diet. As previously reported (5), this 
carbohydrate greatty elevated niacin excretion in the feces. Regardless 
of the supplements fed, rats receiving dextrin excreted approximately 130 
y per gm. or 50 y per 100 gm. of body weight per day. 

The results of the measurements of urinary N^methylnicotinamide indi¬ 
cated that there was no significant effect of any supplement except trypto- 
phan. In this group urinary excretion was 87 y per day per 100 gm. of 
body weight compared to 7.0 y for control animals. Urinary excretion of 
this metabolite was elevated in rats receiving the dextrin-containing rations 
to 21 y per day. No significant difference was found in the threonine and 
tryptophan content of protein-free filtrates of liver and plasma with the 
microbiological assay. Growth inhibition of an amino acid mixture con¬ 
taining 0.25 per cent L-histidme, 0.4 per cent DL-threonine, 0.52 per cent 
L-lysine, and 0.3 per cent DL-valine has been reported by Singal et al. (12), 
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Table III 

Niacin Excretion in Fecet 


mM 




Body 

hi 



Feces 

weight at 
collection 

jflj 

Supplement 



n 


Aver¬ 

age 

Range 

Average 



7 P" 
gm. 

y per tm. 

gm. 

i 

Sucrose basal 

70 

(42-109) 

74 


“ “ + niacin 

86 

(30- 41) 

95 


Basal + acid-hydrolyzed casein 

70 

(45-100) 

61 


“ 4* 2% glycine 

103 

(94-111) 

57 


“ + 0.078% DL-threonine 

100 

(77-121) 

56 


" +0.156% 

82 

(61-110) 

53 


“ + 0.208% DL-phenylalanine 

62 

(32-108) 

67 


11 +0.104% 

49 

(29- 79) 

76 


" +0.104% 

89 

(83- 90) 

60 


+ 0.078% DL-threonine 

Basal + 0.156% DL-threonine + 

43 

(36- 54) 

117 


0,05% DL-tryptophan 

Dextrin basal 

139 

(110-166) 

126 


“ “ + niacin 

124 

(112-137) 

134 


“ “ + 0.156% DL-threo- 

nine 

132 

(120-161) 

123 


Dextrin basal + 0.104% DL-phenyl¬ 

149 

(116-191) 

115 


alanine 




ii 

Sucrose basal 

44 

(44- 46) 

79 


“ “ + niacin 

40 

(32- 45) 

101 


Basal + 0.104% DL-phenylalanine + 

10 

(10- 10) 

78 


2% sulfasuxidine 

Basal + 0.156% DL-threonine + 2% 

10 

(8- 13) 

53 


sulfasuxidine 

Basal + 2% sulfasuxidine 

10 

(8- 11) 

78 


“ + 0.156% DL-threonine 

141 

(66-221) 

41 


“ + 0.104% DL-phenylalanine 

50 

(46- 54) 

71 


“ + DL-threonine (injected) 15.6 

mg. per day 

101 

(67-142) 

56 


Basal + niacin + DL-threonine (in¬ 

53 

(36- 81) 

123 


jected) 15.6 mg. per day 

Basal + DL-phenylalanine (injected) 

58 

(31-105) 

92 


10.4 mg. per day 

Basal + niacin + DL-phenylalanine 

47 

(43- 65) 

106 


(injected) 10.4 mg. per day 





Body weight 

Aver¬ 

age 

Range 

7 

7 p* r i*y 

day pit 

per 100 

100 gm. 

gm. 

17 

(11-21) 

7 

(6-8) 

12 

(7-21) 

20 

(17-21) 

19 

(11-30) 

14 

(10-21) 

13 

(7-21) 

9 

(7-10) 

16 

(12-23) 

9 

(7-11) 

50 

(38-68) 

44 

(36-54) 

43 

(24-54) 

48 

(34-66) 


using a similar ration in rat experiments. They found that the amino acid 
mixture had no effect on the niacin content of livers, whereas adminis¬ 
tration of niacin increased the quantity of this vitamin in the liver. 
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SUMMARY 

Addition of DL-threonine or DL-phenylalanine in amounts equivalent to 
that present in 2 per cent acid-hydrolyzed casein aggravated a niacin-tryp¬ 
tophan deficiency in rats. All other amino acids fed at comparable levels 
were without effect. 

DL-Threonine injected intraperitoneally at 15.6 mg. per day caused 
growth suppression equal to that obtained when this amino acid was fed 
at the same level. Injection of 10.4 mg. of DL-phenylalanine per day was 
without effect. 

The growth inhibition produced by either DL-threonine or DL-phenyl- 
alanine was reversed by the addition of 1.5 mg. per cent of niacin, 50 mg. 
per cent of DL-tryptophan, or by replacing the sucrose in the diet with 
dextrin. 

Studies on the niacin content of the feces showed that all animals excreted 
approximately the same amounts per day. When the niacin content of 
the feces was expressed on a body weight basis or per gm. of dry feces, the 
values varied inversely with the growth rate, regardless of the ration used. 
The addition of 2 per cent sulfasuxidine to the rations sharply reduced the 
niacin in feces without affecting the growth rate. 
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4t 

Investigations by Doermann (1, 2) have provided evidence for the 
existence of at least four distinct genetic types of lysine-requiring mutants 
of Neurospora. One of these (strain 4545) has been utilized in a method 
for biological assay for this amino acid (3). More recently evidence for 
some interrelation between the biosynthesis of uridine and lysine (4) has 
prompted further investigations of the group of lysineless mutants. 

The first substantial evidence concerning the mechanism of biosynthesis 
of lysine in Neurospora has been provided as a direct result of the recent 
discovery by Borsook and his associates (5, 6) that lysine is converted by 
mammalian tissue slices and homogenates to a-aminoadipic acid. It has 
now been found that one of the Neurospora lysineless mutants (strain 
33933) is able to utilize a-aminoadipic acid in the place of lysine. Mutants 
of three other genetic types are unable to do so. Thus, evidence is pro¬ 
vided that this 6-carbon dicarboxylic acid is a precursor in the biological 
synthesis of lysine by Neurospora. Since three of the’genetically different 
mutants (strains 4545, 15069, and 37101) do not utilize a-aminoadipic 
acid, it is to be expected that the corresponding three genetic blocks are 
concerned with different steps in the conversion of a-aminoadipic acid to 
lysine. Consequently several compounds having a possible place in this 
series of reactions were tested for growth-promoting activity on all four 
mutants. These included the naturally occurring hydroxylysine (7), 
a ,a'-diaminopimelic acid, a-ketoadipic acid, and 2-carboxy-6-piperidone. 

Doermann (1, 2) has described a striking inhibition of the lysineless 
mutants by arginine and has attributed this effect to interference with the 
biological conversion of an external supply of lysine to utilizable natural 
intermediates in the mold. With a-aminoadipic acid as well as lyBine to 
provide the growth substance for strain 33933, the inhibitory effects of 
arginine, glutamic acid, and asparagine have been investigated. 

EXPERIMENTAL 

Growth Requirements —As reported by Doermann (1), Neurospora strains 
4545, 15069, 33933, and 37101 require lysine for growth. Growth curves 

* This work was supported by funds from the Rockefeller Foundation. 
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for strain 33933 in the presence of L-lysine, L-a-aminoadipic acid, and dl- 
a-aminoadipic acid are given in Fig. 1 . It will be noted that at high con¬ 
centrations DL-a-aminoadipic acid is just as effective as the l isomer on a 
molar basis. In contrast it has been shown by Doermann (3) that the d 
isomer of lysine is not utilized appreciably in the presence of the natural 
L form. 

The cyclized form of a-aminoadipic acid (2-carboxy-6-piperidone) was 
also tested for growth promotion of strain 33933. Although the compound 



MILLI MOLS PER £0 ML. 

Fig. 1. Growth curves of mutant 33933 in the presence of L-lysine (•), L-a-amino- 
adipio acid (>), and DL-a-aminoadipic acid (O). 

is not active in initiating growth, it is utilized completely in the presence 
of an equivalent amount of L-a-aminoadipic acid. 

Inactive Compounds —Since D-a-aminoadipie acid is utilized by mutant 
strain 33933 in the presence of the l isomer, it would be expected that a- 
ketoadipic acid would initiate and support growth of the mold. Similar 
cases have been reported previously in Neurospora (8, 9). Contrary to 
expectations, however, the keto acid was found to be without activity in 
initiating growth or supplementing growth initiated by an equal quantity 
of fc-a-aminoadipic acid. Some results are presented in Table I. In the 
experiment given in Table I the keto acid solution, sterilized on a glass 
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filter, was added after 48 hours growth of the mold in the presence of the 
ammoadipio acid. In other experiments, the keto acid failed to produce 
significant growth stimulation whether it was added after filter sterilisation 
or as the sterile dry solid, either before or after initiation of growth. 

Table I 


Inactivity of a-Ketoadipic Acid 


Substance added to 20 ml. of culture fluid 

Dry weight of mold 

a-Ketoadipic add 

L-a-Aminoadipic acid 

mg. 

mg. 

mg. 

1 

0 

0 

3 

0 

0 

0 

1 

41.0 

0.5 

1 

40.5 

1.5 

1 

43.0 

3.0 

1 

40.0 


Table II 

Inhibitions of Strain SS9SS in Presence of Lysine and a-Aminoadipic Acid 
All solutions contained 0.005 mu of growth substance per 20 ml. of culture fluid. 
4 days growth. 


Substance added 

Dry weights of mold in presence of 

L-Lysine 

L-a-Aminoadipic 

acid 

DL-o-Aminoadipic 

acid 


mu per 20 ml. 

mg. 

mg. 

mg. 

Arginine 

0.0 

32 

32 

27 


0.005 

Trace 

33 

11 


0.01 

0 

27 

10 


0.02 

0 

25 

8 

Glutamic acid 

0.0 

31.5 

31 

27 


0.005 

31.5 

32 

29.5 


0.01 

32.5 

32.5 

28 


0.02 

31.5 

33 

14.5 

Asparagine 

0.0 

31 

30.5 

30 


0.005 

33 

Trace 

0 


0.01 

34 

0 

0 


0.02 

33.5 

0 

0 


A preparation from gelatin containing hydroxyiysine and lysine was 
generously furnished by Dr. Hiller and Dr. Van Slyke. 10 mg. of this 
material contained, as picrates, 1.7 mg. of lysine and a quantity of hydroxy- 
lysine equivalent to 1.9 mg. of lysine. Following removal of picric acid,; 
quantitative assays for lysine with all four mutants gave values varying 
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from 1.56 to 1.65 mg. per 10 mg. of picrate. If hydroxyiysine had the Bame 
molar activity as lysine for any of the mutants, a value of 3.6 should have 
been obtained. Since no significant loss of either amino acid occurred 
during the removal of the picric acid, it appears that hydroxyiysine is not 
utilised by the Neurospora mutants. 

a ,a'-Diaminopimelic acid was synthesized according to the method of 
Sorensen and Andersen (10). The compound did not promote growth of 
any of the four mutants and was, in fact, strongly inhibitory to growth in 
the presence of lysine. The compound has not been resolved. 

Growth Inhibitions —Doermann (2) has reported inhibition of the lysine 
mutants by arginine and stimulation by asparagine and glutamic acid. 
These results were obtained in the presence of lysine as the required growth 
substance. In Table II the effects of these substances on strain 33933 in 
the presence of lysine and in the presence of aminoadipic acid are compared. 

As is shown in Table II, glutamic acid is not inhibitory to the utilization 
of h-a -aminoadipic acid when the molar ratio is less than 4:1. When this 
ratio exceeds 10, however, glutamic acid does become inhibitory. Glu¬ 
tamine and aspartic acid have essentially the same effect as glutamic acid. 

It should be noted that the inhibitory action of all of the compounds 
listed becomes less at high concentrations of a-aminoadipic acid or if tested 
over a long growth period. This is perhaps due to metabolism of the 
inhibitors by the mold. 


DISCUSSION 

It is apparent from the data presented that a-aminoadipic acid is a 
precursor of lysine in Neurospora . The utilization of D-a-aminoadipic 
acid but not a-ketoadipic acid is an unexpected finding which suggests 
that the a-amino group of aminoadipic acid is metabolized in a unique 
fashion. Since this is known to be true of lysine, this result is perhaps not 
surprising, but it does necessitate further critical examination. The 
chemical identity of the preparation of the a-ketoadipic acid that was 
used appears to be beyond question. 

The inhibition data obtained are quite in accord with the conclusions of 
Doermann (1). Whereas arginine is a potent inhibitor in the presence of 
lysine, it is relatively ineffective in the presence of L-a-aminoadipic acid. 
Since Doermann’s data provided evidence that arginine interfered with the 
conversion of lysine to some natural intermediate in the mold, the utiliza¬ 
tion of a precursor of such an intermediate should be relatively unaffected 
by arginine, as was found. It is to be noted, however, that arginine 
strongly inhibits the utilization of D-a-aminoadipic acid. Asparagine and 
glutamic acid are also effective in this connection. The potent action of 
asparagine in the inhibition of utilization of L-a-aminoadipic acid is sug- 
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gestive of the possibility that amide formation may occur in the conversion 
of a-aminoadipic acid to lysine. This possibility is being investigated. 

The authors wish to express their appreciation for the generous coopera¬ 
tion of Dr. H. Borsook and Dr. P. H. Lowy of this department. These 
investigators supplied the L- and DL-a-aminoadipie acids, the 2-carboxy- 
6-piperidone, and the a-ketoadipic acid that were used in these investiga¬ 
tions. 

A preparation of hydroxylysine was obtained through the kindness of 
Dr. Hiller and Dr. Van Slyke of The Rockefeller Institute for Medical 
Research. 


SUMMARY 

1. Evidence is presented to show that a-aminoadipic acid is a precursor 
of lysine for Neurospora. 

* 2. Mutant 33933, which utilizes lysine or a-aminoadipic acid, is in¬ 
hibited by arginine in the presence of lysine and by asparagine in the 
presence of a-aminoadipic acid. The significance of these inhibitions is 
discussed and conclusions are in accord with those previously set forward 
by Doermann. 

3. It is shown that, although one mutant utilizes D-a-aminoadipic acid 
in the presence of the l isomer, a-ketoadipic acid does not promote growth. 
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This laboratory is concerned with certain problems involving the chem¬ 
istry and the metabolic behavior of the hydroxyamino acids. In an earlier 
publication (1) the resolution of DL-homoserine has been described. The 
present report considers the question of whether homoserine can provide 
the carbon chain for the synthesis of methionine in the white rat. 

If homoserine is a product arising from the conversion of the sulfur of 
fbethionine to that of cystine (2-8), the reactions may be reversible and, 
with an otherwise adequate diet which includes a supply of methyl groups 
(choline) and sulfur (cystine), the rat might be able to synthesize methi¬ 
onine from homoserine at a rate sufficient for growth. It has recently been 
demonstrated that in Neurospora homoserine furnishes the carbon chain 
for the synthesis of methionine (9). Thus, in spite of the contraindications 
obtained in the feeding experiments with the isomers of cystathionine and 
the in vitro studies of their cleavage by liver extract (7, 8), it seemed of 
interest to determine whether the growing rat was able to carry out the 
synthesis of methionine from homoserine plus choline and cystine. 

A diet devoid of methionine but containing these three compounds was 
fed to young rats. The results presented herein show that homoserine 
cannot give rise to methionine under the conditions outlined. Although 
Teas, Horowitz, and Fling found that in Neurospora homoserine is a pre¬ 
cursor of threonine as well as of methionine (9), McCoy, Meyer, and Rose 
(10) several years ago showed that homoserine was not able to replace 
threonine for the growth of young rats. It thus appears that homoserine 
has little or no nutritional significance in the diet of the rat. 

EXPERIMENTAL 

A litter of young white rats (Sprague-Dawley) was used for the feeding 
experiment. The basal synthetic diet had the following composition: 
amino acid mixture (exclusive of the sulfur-containing amino acids) 22.0, 
sucrose 41.0, Spry 26.0, salt mixture (General Biochemicals, Inc., Salt 

* This research was supported by a grant from the United States Public Health 
Service. 
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Mixture 2 1 ) 4.0, cod liver oil 5.0, and agar 2.0 parts respectively. The 
amino acid mixture was composed of crystalline amino acids and except 
for minor alterations was essentially that reported by Rose and Rice (11). 
The water-soluble vitamins were given as a solution, each rat receiving 
daily 0.5 cc. of a solution which contained 10 y of thiamine chloride, 10 y 
of riboflavin, 10 y of nicotinic acid, 10 y of pyridoxine hydrochloride, 50 y 


Table I 

Results of Growth Experiments on Methionine-Deficient Diet 


Rat No. 

Days 

Average daily 
food intake 

Average daily 
weight change 

Supplement to basal diet 



gm. 

gm. 

per cent 

1 (9) 

1-8 

4.3 

-1.6 



9-14 

4.8 

+2.0 

1.4 methionine 


15-23 

4.8 

-i.i 

2.4 homoserine + 1.2 cystine 


24-29 

5.0 

+0.7 

1.2 homocystine + 1.2 “ 

2 (9) 

1-8 

5.5 

-1.8 



9-14 

7.1 

+2.2 

0.6 methionine + 0.6 cystine 


15-21 

7.4 

+1.4 

0.6 11 + 0.6 “ 

3 (<*•) 

1-8 

5.4 

-2.1 



9-14 

4.5 

-0.5 

0.6 homoserine + 0.6 cystine 


15-20* 

4.7 

-1.7 

0.6 “ + 1.2 “ 

4 (rf 1 ) 

1- 8f 

4.1 

-3.1 


5 (cf) 

1-8 

5.4 

-2.1 



9-14 

8.0 

-0.5 

1.2 homoserine + 0.6 cystine 


15-20 

4.8 

-1.8 

1.2 “ + 1.2 “ 

6(9) 

1-8 

4.9 

-1.5 



9-14 

4.7 

-0.5 

2.4 homoserine + 0.6 cystine 


15-21 

6.0 

-1.0 

2.4 " + 1.2 “ 

7 (<?) 

1-8 

4.9 

-2.3 



9-14 

4.5 

-0.5 

0.6 cystine 


15-21 

5.3 

-0.4 

1.2 “ 

8 (<*) 

1-8 

4.5 

-1.6 



9-14 

4.8 

-0.5 

0.6 cystine 


15-29 

5.0 

-0.4 

1.2 “ 


* Animal died after 20 days, 
t Animal died after 8 days on the basal diet. 


of calcium d-pantothenate, and 12.5 mg. of choline chloride, dl- Homo¬ 
serine, DL-paethionine, DL-homocystine, and L-cystine were incorporated in 
the diets in the amounts shown in Table I and Fig. 1 and an equal weight 
of sucrose was omitted from the diet. Food and water were allowed ad 
Ubitum; the food consumption was measured daily and the animals were 
weighed at intervals. 


»u. a p. xiii. 
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Fio. 1. Growth curves of rats on a methionine-deficient diet. The small vertical 
arrows indicate a change of diet; the numbers in parentheses indicate the initial and 
final weights of the animals in gm. 
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The results of the experiment are tabulated in Table I and are shown 
graphically in Fig. 1. It is apparent from Fig. 1 that homoserine plus 
cystine and choline cannot replace methionine in the diet of the rat. The 
rats receiving homoserine declined faster than the control animals receiving 
the basal diet plus cystine. An autopsy of Rats 4 and 5 revealed no evi¬ 
dence of gross pathological lesions of either liver or kidney. 

4 SUMMARY 

It has been found that DL-homoserine in the presence of cystine and 
choline will not substitute for methionine for the growth of the white rat. 
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The physiological properties of canavanine, a naturally occurring, struc¬ 
tural analogue of arginine, have not been extensively investigated. Re¬ 
cently, Horowitz and Srb (1) found that canavanine inhibited growth of 
wild type Neurospora , and that the inhibition was competitively alleviated 
by arginine. Lysine and methionine were also effective in alleviating 
canavanine inhibition for certain strains of Neurospora, though not so effec¬ 
tive as arginine. The sensitivity of various Neurospora types to inhibition 
*by canavanine varied considerably, and appeared to be genetically deter¬ 
mined. These authors review the limited previous work dealing with the 
physiological response of various organisms to canavanine. 

As an extension of this work, the present article describes the effects of 
canavanine on growth of several lactic acid bacteria. In contrast to wild 
type Neurospora , most of these organisms require arginine for growth. For 
comparative purposes, two strains of Escherichia coli have been used, a 
parent strain which grows without added arginine, and an arginine-requiring 
mutant derived from the parent strain by treatment with mustard gas. 1 

Procedure 

Cultures and Media —Cultures of Lactobacillus arabinosus 17-5, L . casei, 
L . delbrueckii 3, L. fermenti 36, Leuconostoc mesenteroides P-60, and Strepto¬ 
coccus faecalis R were carried as stab cultures in yeast extract-glucose- 
agar. Inocula were grown by transfer from these to a complete liquid 

* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by the Research Committee of the Graduate 
School from funds supplied by the Wisconsin Alumni Research Foundation, and the 
Schenley Research Foundation. We are indebted to Dr. N. II. Horowitz for generous 
samples of L-canavanine sulfate (isolated from jack bean meal) and for access to his 
results on canavanine inhibition of Neurospora preliminary to their publication. 
Dr. H. J. Teas kindly furnished a sample of L-canaline picrate, prepared from cana¬ 
vanine. This was converted to the sulfate before use. 

t Member of the staff of the Daniel Sieff Research Institute, Weizmann Institute 
of Science, Rehovoth, Palestine. 

1 We are indebted to Dr. J. Lederberg and Dr. E. L. Tatum for cultures of these 
organisms. 
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semisynthetic medium similar in composition to that of MacLeod and Snell 
(2) but with two-thirds of the enzymatically digested casein replaced with 
acid-hydrolyzed casein. For L. fennenti 30 7 of extra thiamine were added 
per 10 cc. After 24 hours incubation, cells were centrifuged and resus¬ 
pended in 10 cc. of sterile 0.9 per cent sodium chloride solution. This heavy 
suspension was diluted 1:10 with sterile saline, and 1 drop of this dilute 
suspension was used to inoculate each experimental culture of 2 cc. For 
assay, the medium of Henderson and Snell (3), with arginine omitted, was 
used. For L. fennenti , this medium was modified by replacing the sodium 
citrate with an equal weight of sodium acetate. The initial pH was 6.4. 

Escherichia coli Y109 (the parent strain) and Escherichia coli Y117 (the 
arginine-requiring mutant) were carried as slant cultures on yeast extract- 
glucose-agar. For inoculum, a small amount of surface growth from a 24 
hour culture was suspended to barely visible turbidity in sterile 0.9 per cent 
sodium chloride solution, and 1 drop of this suspension was used to inoculate 
each experimental culture of 2 cc. The basal medium used was that of 
Tatum and Lederberg (4), which contains inorganic salts, glucose, and 
asparagine. 

Additions of arginine, canavanine, and other compounds were made to 1 
cc. of the double strength medium, the cultures were diluted to 2 cc. with 
distilled water, capped, autoclaved at 15 pounds pressure for 10 minutes, 
cooled, inoculated, and incubated at 37° for 24 to 38 hours. Cultures were 
then diluted to 10 cc. with water, and turbidities compared visually or quan¬ 
titatively in the photoelectric colorimeter. 

Results 

Response of Cultures to Arginine and Related Compounds —The effects of 
arginine, citrulline, ornithine, and canavanine on the growth of the various 
test organisms are compared in Table I. Under the conditions used, each 
of these organisms except Escherichia coli Y109 requires arginine or one of 
its precursors for growth. Lactobacillus fennenti and Escherichia coli Y117 
can utilize either ornithine or citrulline in place of arginine; L. arabinosus, 2 
L' casei , and L. delbrueckii utilize citrulline, but not ornithine, in place of 
arginine. Finally, organisms such as Streptococcus faecalis and Leuconostoc 
mesenteroides utilize neither ornithine nor citrulline, but require preformed 

* Lyman el al. (5) reported that their culture of Lactobacillus arabinosus did not 
require arginine for growth when the medium contained ample vitamin B«, and the 
carbon dioxide tension was raised. Under conditions used in this work, no growth 
occurred without arginine or citrulline during 48 hours of incubation. On prolonged 
incubation, however, the organism eventually grew without added arginine, and by 
subculturing from such a culture, a strain of Lactobacillus arabinosus was readily 
derived which grew rapidly without either ornithine, citrulline, or arginine. 
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arginine. Such data indicate that arginine synthesis in lactic acid bacteria, 
as in Neurospora ( 6 ), occurs via the ornithine cycle, and that an apparent 
requirement for arginine may result from loss of ability to catalyze any one 
of the several consecutive reactions involved in, or preceding, this cycle. 

None of the organisms could effectively utilize canavanine in place of 
arginine, although high levels of this compound permitted very slight 
growth of Leucono8toc mesenteroides, Streptococcus faecalis, and Lactobacillus 
fermenti. The growth-promoting activity here was considerably less than 
1 per cent of that of arginine, and may possibly result from the presence of 
traces of arginine as an impurity in the canavanine. As appears from the 

Table I 

Comparative Effects of Arginine and Related Compounds on Growth* of Bacteria in 

Arginine-Free Media 


Additions,f amount per 2 cc. 


Organism 

None 

DL-Or- 
ni thine, 
200 7 

Dt-Cit- 
rulline, 
200 7 

L-Arginine 

! 

L-Cana- ! 
vanine, 
1000 7 

L-Arginine, 
IO7+ L* 
canavanine, 
1000 7 

100 y 

10 y 

L. arabinosus . 

— 

— 

+++ 

+++ 

+ 

— 


“ casei . 

— 

— 

+++ 

+++ 

+ 

— 

— 

“ delbrueckii . 

- 

— 

+++ 

+++ 

+ 

— 

— 

<4 fermenti . 

— 

+ + + 

+++ 

+++ 

+ 

± 

+ 

“ mesenteroides . 

— 

— 

— 

+++ 

■+ 

± 

+ 

S . faecalis . 

— 

— 

— 

+++ 

+ 

± 

+ 

E. coli Y109... 

+ + 

+ + 

++ 

++ 

++ 

— 

— 

“ “ Y117. 

— 

++ 

++ 

++ 

+ 

— 

— 


* —, no growth; ±, barely visible growth; +, easily visible growth; ++, good 
growth; +++, heavy growth. 

f Throughout this table and Tables II and III these compounds were added as 
DL-omithine-HCl, DL-citrulIine, L-arginine-HCl, and L-canavanine-jHjSOi. 

last column in Table I, the growth response of these same three organisms 
was unaffected by excess canavanine. In separate experiments, concentre-, 
tions of canavanine sulfate as high as 5 mg. per 2 cc. failed to inhibit the 
growth response of these organisms to 10 7 of arginine; indeed, this response 
was enhanced by an amount equivalent to the slight growth obtained with 
the same quantity of canavanine alone. The behavior of these highly re¬ 
sistant organisms stands in direct contrast with that of the other organisms 
tested. With these, the growth response to arginine was prevented by 
simultaneous addition of sufficient canavanine. Escherichia coli Y109, 
which grows well without added arginine, was likewise inhibited by cana¬ 
vanine. 
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Further experiments were conducted with each of the organisms inhibited 
by addition of canavanine. Similar findings were made in each case; the 
inhibitory effects of canavanine were alleviated by addition of increased 
amounts of arginine. Only illustrative data, obtained with organisms of 
different types, will be given below. 

Fig. 1 shows how growth of Escherichia coli Y109 is affected by variation 
of the concentration of arginine and canavanine. This organism grows 
maximally in the absence of arginine. In the absence of canavanine, addi¬ 
tions of arginine do not affect growth. Less than 100 y of canavanine 
sulfate per 2 cc. of medium completely prevent growth; simultaneous addi¬ 
tion of increasing amounts of arginine hydrochloride permits growth even 



ARGININE, r PER 2CC (LOG SCALE) 

Fig. 1. Effect of concentration of arginine and canavanine on growth of Es¬ 
cherichia coli Y109. Curve 1, no canavanine. Curves 2, 3, and 4 obtained with 100, 
200, and 1000 y of canavanine sulfate respectively per 2 cc. 

in the presence erf large amounts of canavanine. The inhibition is competi¬ 
tive in nature; the ratio of canavanine to arginine which permits half maxi¬ 
mum growth (galvanometer reading of 75) is 10:1, 12.5:1, and 10:1 
respectively, at the three increasing levels of canavanine. 

In Fig. 2, the effect of additions of arginine hydrochloride and canava¬ 
nine sulfate on growth of the arginine-requiring mutant of Escherichia coli 
Y117 is shown. Here again canavanine inhibits growth, and the inhibition 
is alleviated by additional arginine. In this case, the ratio of canavanine 
to arginine which permits half maximum growth (galvanometer reading of 
60) is approximately 23:1 at the lower concentration of canavanine (1000 y 
per 2 cc.) and only 8:1 at the higher (2000 y per 2 cc.). Thus, in this in¬ 
stance, arginine is less effective in counteracting canavanine inhibition as 
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the concentration of the latter is increased. This behavior was noted 
repeatedly. 

Escherichia colt Y117 requires about 30 7 of arginine per 2 cc. to permit 
maximum growth (Curve 1 , Fig. 2); addition of 2000 7 of canavanine does 
not completely prevent growth at this level of arginine (Curve 3, Fig. 2). 
The parent strain of Escherichia coli Y109 grows maximally without added 
arginine, since it synthesizes this amino acid. In the absence of arginine, 
however, less than 100 7 o£ canavanine completely inhibits its growth 
(Curve 2 , Fig. 1). At equivalent levels of growth, therefore, the parent 
strain, which synthesizes its own arginine, is* much more sensitive to the 
inhibitor. This is to be expected, since the inhibition is dependent upon 



Fig. 2. Effect of concentration of arginine and canavanine on growth of Es¬ 
cherichia coli Y117. Curve 1, no canavanine; Curves 2 and 3, obtained with 1000 
and 2000 y of canavanine sulfate respectively per 2 cc. 

the ratio of the concentrations of arginine and canavanine. In the ar¬ 
ginine-synthesizing culture, the arginine is utilized for growth as formed, 
and presumably never accumulates in excess. Its concentration is always 
very low, and hence relatively low concentrations of canavanine suffice to 
prevent growth. When arginine is added to the medium, the sensitivity 
of the parent and mutant strain to canavanine inhibition is very similar 
(c/. Curve 4, Fig. 1 , and Curve 3, Fig. 2). 

Each of the lactic acid bacteria whose growth was inhibited by cana¬ 
vanine (Table I) was investigated in more detail. The findings in each 
case were similar to those recorded above for the arginineless mutant of 
Escherichia coli . In Table II, the arginine concentrations necessary to 
promote equal growth in the absence and in the presence of various levels 
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of canavanine are compared. These and many other data not tabulated 
show that the ratio of canavanine to arginine required to reduce growth to 
a given level is not constant at various levels of canavanine, but decreases 
as the canavanine level increases. As the concentration of canavanine is 
increased, relatively more arginine is required to overcome its inhibitory 
action. The explanation for these inconstant ratios is not yet known. 

From day to day, considerable variation in the inhibition index at any one 
level of canavanine was seen. Previous experiments (7) with analogues 
of pantothenic acid showed that increasing the time of incubation decreased 
the effectiveness of the inhibitor; i.e. 9 increased the inhibition index. 
This was true also in the present case. A more important factor leading 


Table II 

Comparative Arginine Concentrations Required by Various Lactic Acid Bacteria for 
Equal Growth in Presence and Absence of Canavanine* 


Organism 

Canavanine sulfate 

Arginine hydrochloride 

Canavanine to arginine 
ratio 


y per 2 cc. 

y per 2 cc. 


L. casei . 

0 i 

! 5 


i 

150 | 

10 

15:1 

“ ardbinosus . 

0 ! 

8 


i 

1500 

500 

3:1 

* 

j 4000 ! 

4000 ! 

1:1 

“ delbrueckii . 

; 0 ; 

10 



1000 

2000 

0.5:1 


1000f 1 

200f | 

5:lf 


* The growth levels selected for comparison are the same with any one organism, 
but vary from one organism to another from about one-fourth to one-half of maxi¬ 
mum growth (24 hours). 

t This experiment was conducted in parallel with the one immediately above, but 
a 3-fold heavier inoculum was used. 

to variation was the size of the inoculum. The last two lines of Table II 
compare the results obtained in parallel assays with Lactobacillus del - 
brueckii when the inoculum was varied over a 3-fold range. With the 
larger inoculum, the inhibitory properties of canavanine at this concen¬ 
tration have been very considerably decreased. 

Effect of Precursors of Arginine on Canavanine Inhibition —From Table 
I it is evident that citrulline and ornithine serve as precursors of arginine. 
Their effect on the inhibitory properties of canavanine was therefore de¬ 
termined, Results obtained with Escherichia coli Y109 are shown in 
Table III. It is seen by inspection that citrulline and ornithine are ap¬ 
proximately equally effective in counteracting canavanine inhibition, but 
are only about one-twentieth as active in this capacity as arginine. En- 
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tirely similar data were obtained with Escherichia coli Y117, which re¬ 
quires one of these three compounds for growth. For this latter organism, 
DL-citrulline and DL-ornithine hydrochloride were 0.78 and 0.83 as active, 
respectively, as L-arginine hydrochloride in promoting growth. In alle¬ 
viating canavanine inhibition, however, each was less than one-eightieth 
as effective as arginine. 

The effectiveness of canavanine in inhibiting arginine utilization sug¬ 
gested that canaline might show a similar relationship to ornithine utiliza¬ 
tion. This amino acid 3 was consequently tested (a) for its ability to re-' 
place ornithine in promoting growth of Escherichia coli Y117 and Lacto¬ 
bacillus fermenti, and (b) for its ability to inhibit growth of E. coli Y109 


Table III 

Comparative Effectiveness of Arginine , CitruUine, and Ornithine in Overcoming 
Inhibition of Escherichia coli YtOB by Canavanine 



L-Arginine 

hydrochloride 

DL-Citrul)ine 

DL-Ornithine 

hydrochloride 



Galvanome¬ 
ter reading* 


Galvanome¬ 
ter reading* 


Galvanome¬ 
ter reading* 


y per 2 cc. 


y per 2 cc. 


y per 2 cc. 


No canavanine present 

0 

55 

0 

55 

0 

55 


200 

55 

500 

55 

1000 

55 

200 7 canavanine sulfate 

0 

95 

0 

95 

0 

95 

per 2 cc. 

3 

93 

20 

- 91 

20 

88 


10 

82 

100 

85 

100 

78 

I 

! 20 

71 i 

200 

81 

200 

75 

i 

50 j 

61 

500 

68 

400 

67 


ioo ! 

55 


i 

1000 

62 


200 

56 


i 

! 


; 


•Arbitrary scale; distilled water = 100, uninoculated medium * 95. 


and to prevent the response of E. coli Y117 and Lactobadllus fermenti to 
minimum levels (10 y per 2 oc.) of ornithine. It showed no activity in 
either capacity in amounts up to 1 mg. per 2 cc. Another analogue of 
ornithine, a-amino-5-hydroxyvaleric acid, was synthesized as described 
by Sprensen ( 8 ), and similarly tested. It showed neither growth-promoting 
nor growth-inhibiting properties in amounts up to 4 mg. per 2 cc. 

discussion 

That Neurospora synthesizes arginine via reactions of Krebs’ ornithine 
cycle has been shown by the careful investigations of Srb and Horowitz 

’Because of possible lability of this hydroxylamine derivative to autoclaving 
with the medium, it was filtered and added aseptically to the previously sterilised 
medium for these tests. 
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(6). It is interesting that the same enzymatic deficiencies induced in 
Neurospora by artificial production of mutants are found to occur naturally 
in various lactic acid bacteria. Thus representatives of these organisms 
have been found (Table I) whose requirement for arginine can be met by 
ornithine, citrulline, or arginine; by citrulline and arginine, but not orni¬ 
thine; and by arginine only. Apparently arginine synthesis in the lactic 
acid bacteria, too, proceeds via this same series of reactions, illustrating 
anew the essential similarity of the synthetic mechanisms in different forms 
of life. 

For none of the bacteria studied is canavanine able effectively to replace 
arginine for growth. Its structural similarity to arginine is reflected, 
however, in the fact that it inhibits utilization of arginine by many of these 
organisms. The competitive nature of the inhibition further indicates 
that inhibition results from the combination of canavanine with cellular 
constituents normally involved in arginine metabolism. Perhaps in or¬ 
ganisms such as Streptococcus faecalis which are extremely resistant to 
inhibition by canavanine the structural features required for such combina¬ 
tion are not fully met by canavanine. It is known, for example, that cana¬ 
vanine is a much weaker base than arginine (9). Perhaps, as suggested 
by Horowitz and Srb (1), such resistant organisms are able to detoxify 
the inhibitor. In this latter connection, the presence of arginine dihy¬ 
drolase in Streptococcus faecalis and other streptococci of Group I) (10), 
and its possible occurrence in other canavanine-resistant organisms, sug¬ 
gests a mechanism by which the inhibitor might be decomposed. The 
action of this enzyme on canavanine is not known; the latter is, however, 
split by a liver enzyme (probably arginase) to yield canaline (11). That 
such cleavage would in fact detoxify canavanine is shown by the observed 
inactivity of canaline as an inhibitor. 

In contrast to many antimetabolites, such as those of pantothenic acid 
(7, 12), which are effective inhibitors only for organisms which do not 
synthesize the corresponding metabolite, canavanine inhibits organisms 
which synthesize their own arginine as well as those which require pre¬ 
formed arginine. It resembles in this respect the sulfonamides and certain 
other amino acid inhibitors, such as 0-2-thienylalanine (13) and hydroxy- 
aspartic acid (14). It is not necessary, however, to assume a fundamentally 
different mode of action for these two classes of inhibitors. According 
to present concepts, the antimetabolite and its corresponding metabolite 
compete for an enzyme involved in the further transformation of the 
metabolite. To permit such competition the metabolite must be present 
in a free and diffusible form. Where an antimetabolite functions against 
cells which synthesize the metabolite, it may be assumed that the metabolite 
normally appears in free and diffusible form in the cell preliminary to 
Utilization in the process which the inhibitor affects. In those cases in 
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which the antimetabolite is ineffective against cells which synthesize the 
metabolite, this apparently is not true. 

Horowitz and Srb (1) found that lysine was also effective in alleviating 
canavanine inhibition of Neurospora. With the organisms used here, 
lysine was ineffective; mixtures of lysine and arginine were no more effec¬ 
tive than would be predicted from their arginine content. 

It was pointed out above that, at equivalent levels of growth, Escherichia 
coli Y109 (which synthesizes* its own arginine) was much more readily in¬ 
hibited by canavanine than was Escherichia coli Y117, for growth of which 
arginine (or a precursor) must be supplied. However, the two organisms 
showed similar sensitivity to canavanine when supplied with equal amounts 
of arginine. Reasons for such behavior were discussed above. It should 
be expected, on this basis, that arginine precursors, such as citrulline and 
ornithine, would be much less effective than arginine in preventing cana¬ 
vanine inhibition, and this was observed in all instances tested. These 
•observations are thus consistent with previous conclusions ( e.g . (14)) that 
precursors of a metabolite are generally less effective than the metabolite 
itself in preventing inhibition of growth by an antimetabolite. All of our 
data support the conclusion that inhibition of growth by canavanine results 
from its interference in the utilization of arginine for various synthetic 
reactions, presumably the synthesis of cell proteins. 

summary 

The specificity of the arginine requirement of a number of lactic acid 
bacteria was examined. Some grew only when arginine was supplied, 
others with either arginine or citrulline; still others could utilize ornithine, 
citrulline, or arginine. None of the bacteria tested could effectively use 
canavanine in place of arginine. Similarly, canaline did not replace 
ornithine for those organisms which utilize the latter amino acid. 

For some, but not all, of the bacteria tested canavanine was an effective 
growth inhibitor. This was true both for organisms which synthesize 
arginine, and for those which require this amino acid preformed. For 
both types of organisms, inhibition by canavanine was competitively allevi¬ 
ated by arginine. In many instances, the ratio of canavanine to arginine 
at which a given level of growth was observed was not constant, but de¬ 
creased as the concentration of canavanine was increased. The magni¬ 
tude of this ratio was markedly dependent upon the size of the inoculum. 
For organisms which utilized them for growth, citrulline and ornithine 
showed limited effectiveness in counteracting canavanine inhibition; they 
were, however, much less effective than arginine. Lysine was ineffective. 

Canaline and a-amino-5-hydroxyvaleric acid did not inhibit utilization of 
ornithine by the organisms tested. 

The significance of these various results is discussed briefly. 
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THE DETERMINATION OF ACETONE AND KETONE BODIES 

By DAVID LESTER and LEON A. GREENBERG 
(From the Laboratory of Applied Physiology , Yale University , New Haven ) 

(Received for publication, April 14, 1948) 

We have received several inquiries concerning the reproducibility of 
results with the method described by us for the determination of acetone 
and ketone bodies (1). Since, in our hands, the results had always been 
reproducible, an investigation was made to determine the cause of the 
difficulties encountered by our correspondents. 

The method depends on the constancy of the distribution of the 2,4- 
dinitrophenylhydrazone of acetone between an acid solution and carbon 
tetrachloride. If equilibrium is not attained, the final results will not be 
reproducible. Equilibrium is not consistently attained if the extracting 
.solvent, carbon tetrachloride, does not form an emulsion with the acid 
solution of the hydrazone. To this end, vigorous shaking must be em¬ 
ployed in a container whose volume is at least twice that of the solution 
and solvent. We recommend a glass-stoppered (standard taper 12/40) 
test-tube of 17 cm. over-all length with an outside diameter of 2 cm. for 
the extraction. 

Since our original description, we have used the Evelyn colorimeter 
with the small test-tube adapter described by us (2). 

The sensitivity of the procedure is increased if measurement is made at 
the wave-length of the maximum absorption of the 2,4-dinitrophenyl- 
hydrazone of acetone in carbon tetrachloride, 350 m/z; the absorption at 
this wave-length is approximately 4 times that at 420 m/z. 
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THE FATE OF RADIOACTIVE COPPER ADMINISTERED TO 

THE BOVINE* 


By C. L. COMAR, GEORGE K. DAVIS, and LEON SINGER 
(From the Florida Agricultural Experiment Station , Gainesville) 

(Received for publication, March 25, 1948) 

Recognition of the essentiality of copper for animal life and the avail¬ 
ability of suitable chemical analytical methods, have led to considerable ex¬ 
perimental investigation of copper metabolism. Cunningham (1) surveyed 
the occurrence of copper in the organs of twelve species of land animals, as 
well as in plants and foodstuffs. Elvehjem (2), in 1935, presented an ex¬ 
tensive review of the biological significance of copper, and Schultze (3) has 
comprehensively discussed the rdle of this element in blood formation on 
the basis of experimental evidence available to 1940. The literature on 
dopper in relation to animal health has been reviewed to 1944 by Russell (4). 
Typical investigations based on chemical analysis include balance and tissue 
accumulation experiments with rats (5, (>), analysis of blood copper in 
rabbits and sheep after oral and intravenous administration (7), detailed 
experiments on the excretion of copper by the rabbit (8), and a study of 
liver storage in the rat, rabbit, and guinea pig (9). 

Emphasis has been placed upon work with sheep b^workers in the United 
Kingdom and Australia, due to the economic importance of a naturally 
occurring copper deficiency disease in lambs. Sheep, cattle, and goats are 
known to be affected, and while this condition has not been reported for 
horses, it has been observed in foals. A naturally occurring copper de¬ 
ficiency in cattle has been observed on the muck soils of Florida (10). In 
addition to the usual symptoms of anemia, severe diarrhea, cessation of 
growth, and depigmentation of hair, there was evidence of an abnormal 
bone metabolism as indicated by rickets-like swellings at the long bones of 
the calves and rarefaction of bones in the older cattle. It has been re¬ 
ported by English workers (4) that the copper deficiency syndrome in cattle 
can be caused by an excess of molybdenum in the forage, and, furthermore, 
that the therapeutic use of copper will protect the animals. Interestingly 
enough, analysis of the forage grown on Florida muck areas has indicated 

* Published with the permission of the Director of the Florida Agricultural Ex¬ 
periment Station. 

Presented before the Division of Biological Chemistry at the 112th meeting of the 
American Chemical Society at New York, September, 1947. 

The Cu 64 used in this investigation was supplied by the Clinton Laboratories and 
obtained on allocation from the United States Atomic Energy Commission. 
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levels of molybdenum in some cases potentially toxic for livestock; similar 
levels of molybdenum have been reported also in certain areas of California 
( 11 ). A research program was designed, therefore, to explore the inter¬ 
relationships of copper and molybdenum and the possible rdle of these ele¬ 
ments in bone metabolism. As a phase of this program, the present paper 
describes procedures for the use of pile-produced Cu 64 in animal experiments 
and the behavior of copper administered to the normal bovine. 

EXPERIMENTAL 

The most suitable isotope of copper for tracer studies is Cu 64 , which has 
a half life of 12.8 hours and emits /3-particles (upper limit 0.58 m.e.v.), 
positrons (upper limit 0.60 m.e.v.), and annihilation 7 -rays. In 1942 
Schultze and Simmons ( 12 ) reported the use of cyclotron-produced Cu 64 
in studies on nutritional anemia of rats, and demonstrated the reten¬ 
tion of copper in certain organs as well as the entrance of dietary copper 
into the bone marrow of the ral. Their material was prepared by proton 
bombardment of nickel to yield about 0.5 millicurie with a specific activity 
at time of feeding of about 2 millicuries per mg. In 1943 Schubert et. ah (13) 
followed Cu 64 after intravenous injection into two dogs; this isotope was 
prepared by deuteron bombardment of copper to yield about 1.7 millicuries 
with a specific activity of about 0.05 millicurie per mg. at the time of in¬ 
jection. The irradiation unit as removed from the pile has about 100 milli¬ 
curies activity, and as it reaches our laboratory some 28 hours later will 
contain about 20 millicuries with a specific activity of 0.06 millicurie per 
mg. It may be noted that while cyclotron production of Cu 64 by trans¬ 
mutation will yield higher specific activities, the total activity available is 
considerably less than from pile production; from the practical standpoint, 
due to the short half life, this means that cyclotron-produced Cu 64 can be 
used only with small animals over relatively short time periods and that the 
experiments must be started soon after conclusion of the bombardment. 

A consideration of estimated costs will emphasize the limitations that 
would be placed on large animals and extended experimentation were it not 
for the availability of pile-produced Cu 64 ; from the values of Schultze and 
Simmons (12) with a conservative estimate of $15 per hour operating ex¬ 
pense of the cyclotron, the cost per millicurie at the cyclotron would be 
about $150, whereas the corresponding cost at the pile is about $0.25. 

The irradiation unit consists of 0.32 gm. of pure copper wire. The copper 
is removed from the shipping container, immediately dissolved in a small 
volume of 8 n nitric acid, and is then neutralized with 2 n sodium hydroxide. 
A magnetic stirrer is used to provide vigorous agitation during neutrali¬ 
zation to avoid precipitation of the hydroxide; the solution is adjusted as 
close as possible to neutrality without causing precipitation. Measured 
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amounts are then removed for calibration standards and administration to 
the animals. Studies have indicated that there is no practical advantage to 
be gained by purification of the irradiation unit. The half life of each 
sample as received was determined and found in good agreement with the, 
established value of 12.8 hours. Purification of the copper by extraction 
from acid solution with dithizone did not change the half life. Perhaps of 
most significance were our experiments in which the blood plasma was 
analyzed chemically for copper before and after the administration of the 
radioactive preparation; the increase in plasma copper as determined chemi¬ 
cally agreed fairly well with the values obtained by activity measurements. 

It was found convenient to make the radioactivity measurements in 
solution with the dipping counter as previously described (14). The mica 
window bell jar type counter was also employed with about equal sensi¬ 
tivity, in which case a given volume of solution was placed in a standard 
Petri dish directly under the window. Calibration curves were determined 
daily and the measurements were corrected for decay by calculation to the 
nearest curve. It was noticed early in the work that with certain radio¬ 
copper solutions it was very difficult to get the dipping counter to return to 
background after a measurement. Later observations indicated that when 
the pH was above 4, an adsorption to the glass wall of the counter occurred. 
This indicates that all solutions, both standards and samples, should be kept 
definitely acid to avoid loss by adsorption during the various steps of the 
procedure. 

Since it was desired to handle at least 200 samples in each experiment, the 
ordinary method of dry ashing in a muffle furnace was found too time-con¬ 
suming. A rapid method of pseudo wet ashing, based on solvent extraction 
of the fat, was developed so that 200 samples could be prepared for measure¬ 
ment within a few hours. In actual practice, the autopsy of a large animal 
is started at 8 a.m. and the samples are ashed and radioactivity measure¬ 
ments completed within 16 hours. The procedure is as follows: A repre¬ 
sentative sample, up to 80 gm., is cut into small pieces and placed in a 400 
ml. beaker, to which 40 ml. of concentrated nitric acid are added. The 
tissue is allowed to soak 10 minutes, after which gentle heat is applied. The 
resulting solution is evaporated to about 15 ml. on a hot-plate and then 
transferred to a steam bath for continued evaporation to remove the acid. 
The residue is washed into a separatory funnel w ith small amounts of warm 
water. The beaker is rinsed with two 10 ml. portions of isoamyl alcohol 
which are in turn transferred to the separatory funnel. The separatory 
funnel is shaken gently and the two solutions separated and made to volume 
for measurement with the Geiger counter. 

Adequate health precautions were employed, since it w r as necessary to 
handle 20 millicuries of a y-ray emitter. Radiation-monitoring instru- 
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mentation and protective clothing were used. Operations were arranged to 
be carried out at a distance of about 4 feet from the source, and when it was 
necessary for personnel to handle the original material at closer range lead 
shielding was used and the time of exposure minimized. All authoritative 
suggestions on health protection applicable to this system, from the 
handling of the original solutions through the measurements and including 
the final disposition of the animal products, were followed implicitly. 

RESULTS AND DISCUSSION 

Excretion of Copper —Yearling bulls, on a normal ration, weighing 
about 350 pounds, were used for the excretion data presented in Table I. 
The copper solution was administered by stomach tube or injected into the 
jugular vein, with the other experimental details as previously described for 
cobalt (15). About 250 mg. of copper were used for oral administration 
and about 100 mg. for the injection. The values given represent the ex- 


Table I 

Excretion during 5 Days of Labeled Copper by Cattle in Percentage of Administered Dose 


Administration 

No. of animals 

Feces 

Urine 

Oral . 

1 

75 

3 

Injection. 

3 

! 

3 

3 


cretions during the 5 days following administration, since the decay of the 
isotope did not allow further observations. The values are probably some¬ 
what lower than the true total excretions, although previous experience has 
indicated that elimination of most of an unabsorbed element will occur 
within the first 5 days. 

Although only one animal is reported for the excretion of dietary copper, 
values for the gastrointestinal contents from several other animals sacrificed 
after 42 hours indicate that the 75 per cent excretion figure is not out of line. 
This demonstrated that in the bovine the absorption of even soluble copper 
is quite low. Eden (8) reported that when 50 mg. of copper as the sulfate 
were administered to a rabbit by stomach tube about 96 per cent of the dose 
was eliminated in the feces and about 1 per cent in the urine. Houk et al. 
(6) found that rats on diets of varying iron, copper, and cobalt content re¬ 
tained from —6.2 to 3.0 per cent of the dietary copper. Lindow et al. (5) 
reported that rat3 excreted 98 per cent of supplemental dietary copper in the 
feces, although on a normal diet the fecal-urinary ratio was about 2. The 
ratio of fecal to urinary excretion of radioactive copper administered to rats 
in this laboratory averaged about 25, which agrees with the values in Table 
I and is of the same order of magnitude as that reported by Eden for rab- 
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bits. This ratio will depend, of course, upon the total amount and solubil¬ 
ity of the ingested copper. 

The apparent high retention of intravenously injected copper was quite 
surprising in view of the previous findings with cobalt (15), where over 60 
per cent of the cobalt dose was rapidly eliminated in the urine and over 
30 per cent in the feces. However, this behavior confirms a field experi¬ 
ment with cattle, which demonstrated that injected copper exhibited a 
much longer period of therapeutic efficiency than did orally administered 
copper. Eden and Green (7) reported that of 3 mg. of copper injected into 
the ear vein of a rabbit about 17 per cent appeared in the urine within 48 
hours, and the remaining 82 per cent in the feces over a period of 4 weeks, 
with most of the fecal excretion occurring during the first 2 weeks. 


Table II 

Partition of Labeled Copper in Blood of Cattle 


♦ Administration 

Time 

Labeled copper 
dosage in blood 

Labeled copper in 
blood contributed 
by plasma 



per cent 

per cent 

Intravenous injection. 

5 min. 

36 

63 

it tt 

1 hr. 

36 

31 

tt it 

3 hrs. 

19 

9 

tt tt 

6 “ 

13 

12 

tt tt 

19 11 

9 

13 

tt tt 

26 44 

7 ~ 

14 

tt tt 

44 “ 

5 

33 

Oral. 

19 14 

0.15 

39 

<< 

44 44 

i 

0.29 

50 


Fate of Copper in Blood Stream —Tabic II presents data showing the per 
cent of the labeled copper dosage found in the blood and the proportion of 
the labeled copper in the blood which was contributed by the plasma, at 
varying times after administration. The animals described earlier were 
used, and the total blood was calculated as 7.7 per cent of the body weight. 
The blood samples were taken from the jugular vein opposite that used for 
the injection. 

The injected copper was rapidly removed from the blood stream by 
capillary passage through the tissues, as only 36 per cent of the dose was 
found in the blood after 5 minutes; the removal of copper from the blood 
was slower thereafter. It is generally considered (7), at least for sheep and 
cattle, that normal blood copper is equally distributed between the plasma 
and cells. The values in Table II lead to the following picture in regard 
to the behavior of intravenously injected copper. Immediately after 
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injection two processes occur, removal of copper from the plasma by deposi¬ 
tion in the tissues, and absorption of copper by the red blood cells. The 
first process must occur initially at a much faster rate than the second, 
since at 5 minutes about 64 per cent of the dosage was removed from the 
blood and yet the plasma still contained a greater proportion of the labeled 
copper than did the cells. Between 5 minutes and 1 hour, there was prac¬ 
tically no removal of copper from the blood; however, the proportion in 
the plasma decreased, which may be taken to indicate a continued accu¬ 
mulation by the cells during this period. Between 1 and 3 hours there was 
further removal of copper from the blood with the indication that most, if 
not all, of the copper was being removed by the tissues from the plasma. 
From then on, the attainment of equilibrium between the red blood cell and 
plasma copper proceeded at a faster rate than removal of copper from the 
blood. However, even after 44 hours normal distribution was not attained. 
The data show that such large deviations from the normal distribution do 
not occur when the copper is absorbed from the tract. The accumulation 
of copper in the red blood cells is not simply a heavy metal adsorption; 
otherwise the same behavior would be expected with cobalt, and in similar 
previous work (15) no cobalt was detected in the cells. These findings 
agree in general with those of Eden and Green (7), who used chemical 
analytical methods with rabbits and sheep, and with those of Schubert 
et al . (13), who employed radioactive copper with dogs. 

Tissue Distribution of Copper in Bovine —Table III shows the tissue dis¬ 
tribution of labeled copper injected into a 2 year-old bull and orally admin¬ 
istered to a young bull calf and another 2 year-old bull. The procedure 
for the slaughter of the animals and the handling of the tissues has been 
described earlier (15). 

Considering the distribution of the ingested copper, it is evident that, 
although the retention by the animal is low, the copper which is absorbed 
is generally distributed and does reach the tissues involved in hematopoiesis. 
The tissues showing a high concentration were, in decreasing order, the 
liver, kidney, gastrointestinal tract, adrenals, thymus, and gallbladder and 
bile; those of medium concentration include the pancreas, red bone marrow, 
intestinal lymph, blood, spleen, heart, lung, and reproductive organs; very 
low concentrations of copper were found in the white bone marrow, muscle, 
hide, bladder, ligament, cartilage, bone, eye, and nerve tissue. It must 
be remembered that in some cases negative results will be due in part to the 
small sample available. It is obvious that the liver, which shows the 
highest concentration, serves as the chief storage organ. The kidney 
invariably has the next highest concentration, and in the adult bovine the 
ratio of liver to kidney accumulation averages about 5; in tissue dis¬ 
tribution studies with rats sacrificed after 17 to 65 hours, we have found 
the concentration of labeled copper in the kidney to exceed that in the liver, 
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Table III 


Tissue Distribution of Labeled Copper Administered to Cattle 


Mode of administration. 

| Oral 


Oral 



Age weight of animal . 

11 mo* 

85 lbs. 


, 450 lba. 

1 !*«*,#«* 

, 460 lba. 

Actual dosage, mg. Cu . 

Sacrificed after, nts . 

146 

42 


256 

42 


160 

19 










y per 100 
gm. fresh 
weight per 
100 mg. 
dosage 

a 

Per cent of 
dose in 
whole 
tissue 

y per 100 
gm. fresh 
weight per 
100 mg. 
dosage 

Per cent of 
dose in 
whole 
tissue 

y per 100 
gm. fresh 
weight per 
100 mg. 
dosage 

Per cent of 
dose in 
whole 
tissue 

Pituitary 

* 

0 

* 


35 

0.00059 

Thyroid 

* 

0 

.r 


17 

0.0046 

Thymus 

32 

0.032 

3 

0.0067 

19 

0.024 

Adrenals 

48 

0.0015 

3 

0.00045 

28 

0.0033 

Reproductive organs 

5 

0.0017 

1 

0.0058 

8 

0.056 

Cerebrum 

* 

0 

♦ 


1 

0.0020 

Cerebellum 

33 

0.008 

* 


2 

0.0016 

Eye 

* 

0 

* 


6 

0.0042 

Jntestinal lymph glands 

13 


3 


29 


Heart, 

8 

0.019 

1 

0.012 

11 

0.088 

Blood 

10 

0.29 

2 

0.25 

60 

9.4 

Aorta 

* 

0 

3 

0.0019 

23 

0.013 

Lung 

8 

0.037 

1 

0.022 

66 

0.96 

Trachea 

7 

0.0031 

* 


10 

0.021 

Kidney 

71 

0.10 

9 

0.045 

150 

0.72 

Bladder 

4 

0.0013 

1 

0.007 

20 

0,014 

“ urine 

69 

0.0066 

17 

(MHO 

29 

0.010 

Tongue 

6 

0.011 

2 

0.015 

10 

0.068 

Esophagus 

3 

0.0012 

2 

0.0059 

14 

0.029 

Fundus abomasum, mucosa 

42 

1 


6 

1 


27 



“ “ muscular 

13 


0.042 

3 


0.032 

10 


0.15 

Pyloric “ mucosa 

44 

f 

hi 


331 


“ “ muscular 

9 J 

| 


3j 



12 



Abomasum contents 

100 

0.12 

39 

0.57 | 

2 

0.023 

Reticulum 

17 

0.011 

4 

0.025 

28 

0.15 

Omasum 

100 

0.075 

3 

0.046 

13 

0.16 

“ contents 

690 

0.38 

61 

2.0 

* 


Rumen 

13 

0.033 

2 

0.055 

33 

1.2 

“ and reticulum 
contents 

310 

7.8 

40 

11.0 

I 

* 


Duodenum, mucosa 

* 



10 


! 

51] 



“ muscular 

10 



* 



20 



Jejunum, mucosa 
u muscular 

31 

16 


0.38 

CO 

r 

0.097 

34 1 
15 


0.28 

Ileum, mucosa 

32 

1 


4 



20 



“ muscular 

14 

i 





18 



Small intestine contents 

60 | 

0.21 

70 

2.2 

6 

0.15 

Large “ mucosa 

46| 

L 

0.10 

81 

L 

0.12 

611 

L 

1.8 

“ " muscular 

13l 

r 

4J 

r 

121 

r 

“ “ contents 

310 

0.67 

760 

29.1 

18 j 

0.6 
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Table III —Concluded 


Mode of administration. 

Age and weight of animal. 

Actual dosage, me. Cu . 

Sacrificed after, Mrs . 

Oral 

1$ mos., 85 lbs. 

146 

42 

Oral 

18 mos. 
256 

42 

, 450 lbs. 

Jugular injection 

18 mos., 460 lbs. 

160 

19 

y per 100 
gm. fresh 
weight per 
100 mg. 
dosage 

Per cent of 
dose in 
whole 
tissue 

y per 100 
gm. fresh 
weight per 
100 mg. 
dosage 

Per cent of 
dose in 
whole 
tissue 

y per 100 
gm. fresh 
weight per 
100 mg. 
dosage 

Per cent of 
dose in 
whole 
tissue 

Pancreas 

17 

0.0074 

2 

0.0024 

87 

0.21 

Spleen 

9 

0.012 

3 

0.015 

43 

0.20 

Liver 

1090 

7.0 

41 

1.0 

1130 

32.6 

Gallbladder and bile 

97 

0.0056 

2 

0.0036 

190 

0.1 

Tenderloin muscle 

6 


1 




Gastrocnemius muscle 

* 


* 


4 


ligament 

* 


1 


11 


Cartilage 

* 


* 


7 


Bone 

* 


* 


* 


Red bone marrow (ribs) 

15 


2 


51 


White bone marrow 

9 


* 


21 


(long bones) 







Teeth 

* 




* 


Hide 

5 


1 


9 



y represents micrograms of Cu. 

♦ No radioactivity detected in sample. 


which points to a species difference and confirms the results of Schultze 
and Simmons (12). With rabbits, the liver-kidney ratio of labeled copper 
has ranged from 13 to 30. 

Chemical analysis has shown that the livers of very young animals are 
especially high in copper and that a calf is born with a copper concentration 
in the liver of 4 to 8 times that in the liver of the adult; the data in Table 
III confirm this selectivity and indicate that it persists at least through the 
first 1| months of life. In comparing the values from the young and the 
adult animals, it is better to use the percentage of dose figures, since the 
concentrations are affected by the body weight. It is noted that except for 
the liver the percentages of dose found in the various tissues are in close 
agreement; this indicates that the liver of the calf actually exhibits a greater 
selective accumulation of the absorbed copper. 

The injection values in Table III were obtained from an animal of approx¬ 
imately the same weight as the adult receiving the copper orally, and, 
therefore, in this case both the concentration and percentage dose values 
are comparable. In general, the injection tissue values are about 10 times 
the corresponding ingestion values, which again reflects the poor absorption 
of the orally administered copper. The proportional distribution of the 
injected copper was similar to that of the ingested copper. 
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Since it is recognized that t&e gastrointestinal tract has an important 
hematopoietic function, particular attention has been paid to the accumula¬ 
tion of copper in the true stomach and intestinal mucosa. It may be noted 
from Table III that in all cases the mucosal was greater than the muscular 
concentration; negative values for the duodenum were due in part to the 
small sample available. The ratio of mucosal to muscular concentration 
averaged 2.7 for the ingested and 2.8 for the injected copper. When the 
copper was injected, the accumulation in the mucosa probably occurred 
via the general circulation, since it has been shown that relatively small 
amounts of copper reach the intestinal contents during the 24 hours follow¬ 
ing injection. In the case of the true stomach particularly, it would seem 
unlikely that the mucosal accumulation of the injected copper could have 
come from the contents. It is considered, then, that the gastrointestinal 
mucosa does concentrate copper from the general circulation, but an esti¬ 
mate of the extent of secretion into the lumen must await bile and pan¬ 
creatic fistula studies. 

To date, fifteen cattle have been used for studies with copper as reported 
here; there has been general agreement, and for brevity only results from 
representative individuals have been presented. The normal behavior of 
copper in the bovine, as herein described, is considered a basis for the study 
of deficiency and abnormal conditions. 

SUMMARY 

Procedures are described for the use of pile-produced Cu 64 in studies with 
large as well as small animals. The results are in general agreement with 
such findings as are available in the literature. 

Only a small proportion of orally administered copper is absorbed by the 
bovine; yet that which is absorbed reaches practically every tissue. Intra¬ 
venously injected copper is generally distributed and highly retained at 
least during the 1st week after administration. 

Immediately following intravenous injection, copper is rapidly removed 
from the plasma by the tissues and is more slowly accumulated by the red 
blood cells. The red blood cell copper is more tenaciously retained than 
the plasma copper as far as removal by the tissues is concerned, although 
equilibrium between the plasma and red blood cell copper is eventually 
approached. 

During the first 1£ months of life the liver of the calf exhibits a greater 
selective accumulation of absorbed copper than is observed with the older 
animal. 

Tissue accumulations of orally administered and intravenously injected 
copper are presented and discussed. 

The writers wish to express appreciation to Dr. E. B. Becker and Mr. P. 
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T. Dix Arnold for making some of the animals available, and to, Mrs. 
Martha Michael for technical assistance. 
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THE UPTAKE OF GLUCOSE AND THE SYNTHESIS OF GLYCO¬ 
GEN SY THE ISOLATED DIAPHRAGM OF NORMAL 
, AND PITUITECTOMIZED RATS 

By MARTIN PERLMUTTER* and ROY O. GREEP 

(From the Department of Medicine , Harvard Medical School , the Medical Clinic , Peter 
Bent Brigham Hospital, and the Harvard Dental School , Boston) 

(Received for ^publication, February 28, 1948) 

Clinically, the antagonistic actions of the hormones of the anterior pitui¬ 
tary and of the islands of Langerhans of the pancreas have been well docu¬ 
mented. Davidoff and Cushing (1) reported that the incidence of diabetes 
in acromegalic patients was 12 per cent in their series and 35 per cent in 
Borchard’s series as compared with 0.5 per cent in the general population 
(2). Basophilic adenomas of the pituitary are also accompanied by hyper¬ 
glycemia and insulin resistance (3, 4). Conversely, hypoglycemia and 
extreme insulin sensitivity are cardinal features of the hypopituitary 
state (4). 

Physiological experiments by Houssay (5) and Geiling (6) have shown 
antagonistic action of pituitary extract and insulin. Houssay discovered 
that the removal of the anterior pituitary gland suppressed the diabetes of 
the pancreatectomized animal and that the subsequent injection of the 
anterior pituitary extract caused hyperglycemia tb reappear. Houssay 
(5) and Geiling el al. (6) have demonstrated that pituitectomized dogs are 
very sensitive to the hypoglycemic effects of insulin. 

By in vitro studies with isolated diaphragm muscle of the rat, Gemmill 
(7, 8) has demonstrated that insulin increased glucose disappearance from 
the medium and glycogen synthesis in the isolated diaphragm. Stadie and 
Zapp (9) and Corkill and Nelson (10) have confirmed this. Corkill and 
Nelson also reported that the antecedent injection of anterior pituitary 
extract intraperitoneally in rats prevented the insulin effect on the glucose 
utilization and glycogen synthesis. 

Cori (11), studying the effect of purified muscle hexokinase upon the 
phosphorylation of glucose, reported that insulin had no direct accelerating 
effect on this reaction. However, whereas anterior pituitary extract in¬ 
hibited the hexokinase reaction, insulin abolished this anterior pituitary 
inhibition. He concluded that he could not demonstrate a direct action of 
insulin on the hexokinase reaction but that insulin did counteract the in¬ 
hibiting action of anterior pituitary. This action of insulin failed to explain 

* Senior Research Fellow of the National Institute of Health, United States Pub¬ 
lic Health Service. 
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the extreme insulin sensitivity of the hypophysectomized animal. Cori, 
therefore, suggested that insulin might also have a direct stimulatory effect 
on some other enzyme reaction. 

Since the first step in glucose utilization, the hexokinase reaction, is irre¬ 
versible, Krahl and Cori (12) stated that it should be the rate-determining 
step for glucose uptake by the diaphragm. In order to extend their studies 
of the action of insulin on the hexokinase reaction to intact muscle, they 
utilized GemmilPs technique in their study of the diaphragms of normal, 
diabetic, and adrenalectomized rats. 

Stadie (9), discussing the implications of Corps data, stated “if the action 
of insulin is solely to release the inhibitory action of anterior pituitary ex¬ 
tract on the hexokinase reaction, no effect of insulin in vitro should be found 
when diaphragms from hypophysectomized rats are used. ,, Stimulated by 
previous work in Stadie’s laboratory and by this statement, one of us 
(M. P.) repeated GemmilPs experiments with normal rats and rats 4 to 5 
days after hypophysectomy. Both the glucose disappearance from the 
medium and the glycogen synthesis by the isolated diaphragm were 
measured. 


Methods and Materials 

Animals —All the rats were females of the Hisaw strain, weighing between 
125 and 175 gm. when killed. The animals were fed Purina dog chow ad 
libitum in the first series. In the second experiment, the rats were tube-fed 
10 ml. of a fluid food mixture per day for 3 to 4 days before they were 
killed. The fluid mixture contained 0.6 gm. of Cellu flour, 0.02 gm. of 
Phillips and Hart Salts 4, 1 0.5 gm. of dried yeast, 0.8 gm. of casein, 1.8 gm. 
of starch, 0.75 gm. of dextrin, 0.7 gm. of sucrose, 1 ml. of Mazola oil, and 
water to a final volume of 10 ml. 

The normal rats were fasted for 24 hours before the experiment and the 
pituitectomized rats were fasted for 18 hours. 

All pituitectomies were performed by one of us (R. O. G.) using the 
parapharyngeal approach. The completeness of the pituitectomy was 
confirmed by postmortem examination of the sella with the aid of a dissect¬ 
ing microscope. 

Experimental Methods —The rats were stunned by a blow on the head and 
then decapitated. The diaphragms were removed according to the descrip¬ 
tion of Stadie and Zapp (9). One-third of each hemidiaphragm was used 
to determine the initial glycogen content of the diaphragm. The rest of the 
hemidiaphragms were placed in Warburg vessels which had been kept at 4°. 
The large compartment of each vessel contained 2 ml. of Krebs’ Ringer- 

1 Hegsted, D. M., Mills, R. C., Elvehjem, C. A., and Hart, E. B., J . BioL Chem., 
138, 460 (1941). 
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phosphate solution (pH 7.4) with either 0.3 or 0.1 per cent glucose. 0.2 ml. 
of 1 N NaOH was placed in the center well to absorb the respiratory C0 2 . 
To remove the phenol, used as a preservative in commercial crystalline 
insulin solutions, the insulin was subjected to isoelectric precipitation. 
0.001 n NaOH was added to the commercial insulin, drop by drop, until 
a dense cloud appeared. The tube was then spun at 4000 revolutions per 
second for 15 minutes. The clear supernatant was decanted and tested for 
residual insulin by the addition of more NaOH and the 0.001 n HC1. If no 
further cloud appeared, the •Supernatant was discarded. The precipitate 
was dissolved in distilled water by the addition of a few drops of NaOH to 
bring the pH to 7.0. The concentrated insulin solution contained 60 units 
per ml. Just prior to the experiment, the concentrated solution was diluted 
1:100 with distilled water. 0.033 ml. of this dilute solution was added to 
the main compartment of alternate Warburg flasks. The final concentra¬ 
tion of the insulin in the medium was thus 0.01 unit per ml. These small 
quantities of insulin were used because the concentrations were closer to the 
normal concentration of serum and because previous experiments had dem¬ 
onstrated that the insulin effects with this low concentration were similar 
to those produced by 0.5 to 1 unit of insulin per ml. 

The Warburg vessels, containing the diaphragms in the medium, were 
gassed for 3 minutes with 100 per cent oxygen and then placed in a Warburg 
water bath at 38°. The flasks were shaken at a rate of 68 times per minute. 
After an incubation period of 2 hours, the vessels were removed from the 
bath. The diaphragms were immediately removed and placed in 1 ml. of 
30 per cent KOH solution. 1 ml. of the residual medium was pipetted into 
flasks containing ZnSO< for a Somogyi precipitation prior to glucose 
analysis. 

Glycogen was analyzed by the method of Good, Kramer, and Somogyi 
(13). The protein in the media, at the end of the experiment, was precipi¬ 
tated by the method of Somogyi (14). The glucose was determined by a 
modification of Benedict’s method (15). 

Results 

The amount of glucose disappearing from the medium and the amount of 
glycogen in the diaphragms are expressed as mg. of glucose per 100 mg. of 
wet diaphragm per 2 hours of incubation. 

The glucose concentration of the medium in the first series of experiments 
was 0.3 per cent and in the second it was 0.1 per cent. 

Diaphragms from Normal Rats in 0.3 Per Cent Glucose Medium —The 
mean amount of glucose utilized without insulin was 0.64 mg. per cent and 
0.99 mg. per cent with insulin; the insulin effect was 0.35 mg. per cent (55 
per cent increment). The glycogenesis without insulin was 0.30 mg. per 
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cent and 0.60 mg. per cent with insulin; the insulin effect was 0.30 mg. per 
cent (100 per cent increment) (Table I). 

Diaphragms from Pituiteetomized Rats in 0.3 Per Cent Glucose Medium — 
The mean amount of glucose utilized without insulin was 1.06 mg. per cent 
and 1.66 mg. per cent with insulin; the insulin effect was 0.60 mg. per cent 
(67 per cent increment). The mean glycogenesis without insulin was 0.30 

Table I 

Glucose Uptake and Glycogenesis by Diaphragms of Normal Rats 
Each line gives the data of the diaphragm of one rat. The glucose concentration 
of the medium was 0.3 per cent. The vessels were incubated at 38° for 2 hours. The 
glucose uptake and glycogenesis are expressed as mg. of glucose per 100 mg. of wet 
weight of diaphragm. 


Rat No. 

Glucose uptake 

Initial 

glycogen 

content 

i 


Glycogenesis 

Without 
insulin i 

With 

insulin 

Insulin effect 

Without 

insulin 

! With 
insulin 

Insulin effect 

1 




0.13 

0.28 

0.55 

0.27 

2 




0.06 ! 

0.32 

0.76 

0.44 

3 




0.17 

0.19 

0.52 

0.33 

4 




0.14 

0.30 

0.54 

0.24 

5 




0.13 

0.19 

0.68 

0.49 

0 

0.94 

1.29 

0.35 





7 

0.50 

0.83 

0.33 





8 

0.63 

1.02 

0.39 





9 

0.71 

1.24 

0.53 

0.26 

0.23 

0.68 

0.45 

10 

0.34 ! 

0.83 

0.49 

0.16 

0.26 

0.47 

0.21 

11 ! 

0.56 

0.77 

0.21 

0.16 

0.30 

0.51 j 

0.21 

12 

0.89 

1.07 

0.18 

0.04 

0.41 

0.55 

0.14 

13 

0.58 

0.83 

0.25 

0.07 

0.39 

0.51 

0.12 

14 




0.10 

0.51 

0.84 

0.33 

Mean. 

8.E.M. 

t . 

0.64 

! 

i 

0.99 

0.35 (55%) 
±0.043 

8.1 

0.13 

0.30 

0.60 

0.30 (100%) 
±0.04 

7.5 


mg. per cent and 0.51 mg. per cent with insulin; the insulin effect was 0.21 
mg. per cent (70 per cent increment) (Table II). 

The pituiteetomized rats in this series were fed ad libitum postoperatively. 
On the 4th and 6th day postoperatively, they were killed. All of the eleven 
rats ate poorly and lost some weight. Three of these were almost moribund 
on the day of the experiment. 

The sella turcica was examined post mortem only in Rats 7 to 11. About 
one-quarter of the pituitary (posterior lobe) was found in the sella of Rat 8. 
The other four seilae contained no pituitary tissue. 
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By tube feeding both the control and the pituitectomiaed animals and 
by decreasing the glucose content of the medium in the Warburg vessels 
from 6 to 2 mg., two undesirable experimental features of the preceding 
experiments were eliminated. These were (1) the difference in nutritional 
state between the pituiteotomized and control rats, and (2) the determina¬ 
tion of the glucose utilization represented a small difference between two 
large numbers, since only 0.5 to 1 mg. of the 6 mg. in the medium was 

* Table II 

Glucose Uptake and Glycogenesis by Diaphragms of Pituitectomized Rats 
Each line gives the data of the diaphragm of one rat. The glucose concentration 
of the medium was 0.3 per cent. The vessels were incubated at 38° for 2 hours. 
The glucose uptake and glycogenesis are expressed as mg. of glucose per 100 mg. of 
wet weight of diaphragm. 


Rat No. 


Glucose uptake 

Initial 

glycogen 

content 


Glycogenesis 

Without 

insulin 

With 

insulin 

Insulin effect 

Without 

insulin 

With 

insulin 

Insulin effect 

1* 

1.06 

2.44 

1.38 

0.26 

0.24 

0.49 

0.25 

2* 

1.13 

2.14 

1.01 

0.18 

0.17 

0.58 

0.41 

3 

0.89 

1.19 

0.30 

0.11 

0.26 

0.48 

0.22 

4 

1.67 

1.83 

0.16 

0.08 

0.31 

0.32 

0.01 

5 

1.07 

1.83 

0.76 

0.18 

0.17 

0.51 

0.34 

6* 

3.42 

2.20 

0.78 

0.10 

0.38 

0.46 

0.08 

7 

0.74 

1.19 

0.45 

0.03 

0.35 

0.52 

0.17 

8 

1.11 

1.33 

0.22 

0.11 

0.30 

0.49 

0.19 

9 

1.09 

1.36 

0.26 

0.10 

0.63 

0.70 

0.07 

10 

0.60 

1.26 

0.65 

0.03 

0.32 

0.65 

0.33 

11 

0.84 

1.60 

0.66 

0.03 

0.23 

0.43 

0.20 

Mean. 

S.E.M. 

t . 

1.06 

i 

1.66 

I 

i 

0.00 (67%) 
±0.11 
! 5.5 

o.n 

0.30 

0.51 

0.21 (70%) 
±0.04 

5.4 

ft. 

1.00 

| 1.43 

i 0.43 (43%) 

1 

0.07 

0.32 

i 

0.51 

0.19 (69%) 


* Almost moribund. 

t Excluding the three moribund animals. 

utilized. These changes were considered desirable in order to prevent the 
wide variation of insulin effects on glucose uptake noted in Table II. 

Diaphragms from Normal Rats in 0.1 percent Glucose Medium —Six animals 
were tube-fed for 3 to 4 days before the experiment. The last tube feeding 
was given 24 hours before the experiment. The mean amount of glucose 
utilized without insulin was 0.53 mg. per cent and 0.85 mg. per cent with 
insulin; the insulin effect was 0.32 mg. per cent (60 per cent increment). 
The initial glycogen content was 0.18 mg. per cent; this was higher than 
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Table III 

Glucose Uptake and Glycogenosis by Diaphragms of Normal Rats 
Each line gives the data of the diaphragm of one rat. The glucose concentration 
of the medium was 0.1 per cent. The vessels were incubated at 38° for 2 hours. The 
glucose uptake and glycogenesis are expressed as mg. of glucose per 100 mg. of wet 
weight of diaphragm. 


Rat No. 

Glucose uptake 

Initial 

glycogen 

content 

Glycogenesis 

Without 

insulin 

With 

insulin 

Insulin effect 

Without 

insulin 

With 

insulin 

Insulin effect 

1 

0.64 

0.93 

0.39 

0.17 

0.18 

0.46 

0.28 

2 

0.39 

0.82 

0.43 

0.18 

0.09 

0.46 

0.37 

3 

0.49 

0.66 

0.17 

0.19 

0.19 

0.33 

0.14 

4 

0.50 

0.72 

0.22 

0.21 

0.13 

0.29 

0.16 

5 

0.65 

0.93 

0.28 

0.08 

0.28 

0.47 

0.19 

6 

0.58 

1.02 

___ 

0.44 

0.25 

0.07 

0.30 

0.23 

Mean. 

0.53 

0.85 

0.32 (60%) 
±0.046 

0.18 

0.16 

0.39 

0.23 (144%) 

S.E.M. 


=1=0.035 

t . 


i 

6.9 




6.6 


Table IV 

Glucose Uptake and Glycogenesis by Diaphragms of Pituitectomized Rats 
Each line gives the data of the diaphragm of one rat. The glucose concentration 
of the medium was 0.1 per cent. The vessels were incubated at 38° for 2 hours. The 
glucose uptake and the glycogenesis are expressed as mg. of glucose per 100 mg. of 
wet weight of diaphragm. 


Rat No. 

Glucose uptake 

Initial 

glycogen 

content 


Glycogenesis 

Without 

insulin 

With 

insulin 

Insulin effect 

Without 

insulin 

With 

insulin 

Insulin effect 

1 

0.42 

0.60 

0.18 

0.08 

0.15 

0.23 

0.08 

2 

0.35 

0.58 

0.23 

0.03 

0.21 

0.29 

0.08 

3 

0.23 

0.53 

0.30 

0.10 

0.13 

0.32 

0.19 

4 

0.41 

0.73 

0.32 

0.07 

0.15 

0.26 

0.11 

5 

0.27 

0.52 

0.25 

0.13 

0.09 

0.23 

0.14 

6 

0.33 

0.70 

0.37 

0.27 

0.12 

0.28 

0.16 

7 

0.30 

0.73 

0.43 





8 

0.46 

0.94 

0.48 

0.16 

0.08 

0.29 

0.21 

9 

0.38 

0.79 

0.41 

0.14 

0.16 

0.39 

0.23 

10 

0.47 

0.89 

0.42 

0.04 

0.16 

0.39 

0.23 

Mean. 

S.E.M. 

t . 

0.36 

0.70 

0.34 (94%) 
d=0.03 

11 

0.11 

0.14 

0.30 

0.16 (114%) 
±0.02 

8 
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that of other series. Although these high initial glycogen contents might 
have been due to the forced feeding, the initial contents in hypophysec- 
tomized animals similarly fed were lower. The glycogenesis without in¬ 
sulin was 0.16 mg. per cent and 0.39 mg. per cent with insulin; the insulin 
effect was 0.23 mg. per cent (144 per cent increment) (Table III). 

Diaphragms from Pituitectomized Rats in 0J Per Cent Glucose Medium — 
Ten animals were tube-fed for 3 to 4 days after the operation. Thus their 
food intake was identical with that of the control rats. The animals were 
killed 16 to 18 hours after the last tube feeding. These animals were in a 
good state of nutrition and activity when they were killed. The sella of 
every animal was examined post mortem and no pituitary tissue was found. 

The mean amount of glucose utilized without insulin was 0.36 mg. per 
cent and 0.70 mg. per cent with insulin; the insulin effect was 0.34 mg. per 
cent (94 per cent increment). The initial glycogen was 0.11 mg. per cent. 
Glycogenesis without insulin was 0.14 mg. per cent and 0.30 mg. per cent 
with insulin; the insulin effect was 0.18 mg. per cent (114 per cent incre- 
*ment). The insulin effect on glycogen synthesis was slightly but not 
significantly lower in the two series of pituitectomized rats than in the 
normal control series. The difference between the mean insulin effect on 
glycogen synthesis was 0.09 rb 0.05 (standard error of difference of two 
means) and 0.07 ± 0.04 in these two series (Table IV). 

DISCUSSION 

The insulin effect on glucose utilization of the diaphragm of the pituitec¬ 
tomized animals was as great as the effect on the diaphragms of the normal 
control rats. The mean insulin effects on the glucose utilization of our 
four series, as well as the insulin effects of similar series of normal rats 
gathered from the literature, are presented in Table V. Although the 
insulin effects vary considerably in the different series, those of our pituitec¬ 
tomized tissue are within the range of the insulin effects noted with normal 
tissue. The insulin effect reported by Gemmill seems to be greater than 
the effect reported by Stadie, Corkill, and in the present paper. The 
reason for this is not apparent. 

The observation that the insulin effect on glucose utilization of pituitec¬ 
tomized tissue is not less than that of normal tissue agrees with the clinical 
and physiological observations that insulin is very effective in increasing 
glucose utilization in the hypopituitary state. 

Our experiments with pituitectomized rats do not support the assumption 
that the action of insulin is solely upon the hexokinase system. Four 
possibilities of reconciling Corps data with our observations can be con¬ 
sidered. First, pituitary hormones may still be exerting their effect 4 to 
5 days after pituitectomy. This seems very unlikely, since there is no 
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D2? 

evidence of positive action of pituitary hormones at such intervals after 
pituitectomy. On the contrary, there is abundant evidence that the hor¬ 
monal effect ceases by 48 hours after pituitectomy. After pituitectomy, 
growth ceases almost immediately (17), the secretion of milk stops within 24 
hours (18, 19), and there is loss of adrenal cortical volume at 48 hours 


Table V 


Comparison of Glucose Uptake and Glycogenesis in These Series with That 
of Other Reported Series 

Each line represents the mean of the data of each series. Glucose uptake and 
glycogenesis are expressed as mg. of glucose per 100 mg. of wet diaphragm for the 
entire duration of the experiment. The insulin effects are expressed both as mg. per 
100 mg. of wet diaphragm and as per cent increase. 



Concen- 

Period of 
incuba¬ 
tion 


Glucose utilization 

Glycogenesis 

Author 

tration of 
'glucose ini 
medium 

Fed or fasted 

I 

1 Without 
insulin 

With 

insulin 

Insulin 

effect 

i Without 
Insulin 

a 

5! 

Insulin 

effect 


Normal 




hrs. 


mg. 

mg. 

mg. 


mg. 

mg. 

mg. 


per cent 


per 

per 

Per 

cent 

per 

per 

per 





cent 

cent 

cent 

cent 

cent 

cent 

This series 

0.3 

2 

Fasted 

0.64 

0.99 

0.35 

55 

0.30 

0.60 

0.30 

Stadie (16) 

0.3 

2 

u 

0.60 

1.13 

0.53 

88 




“ (9) 

0.3 

2 

a 





0.44 

1.04 

0.60 

Gemmill (8) 

0.3 

3 


0.69 

1.46 

0.87 

147 



0.50 

“ (8) 

0.2 

3 

“ 

0.54 

1.03 

0.49 

91 

' 


0.45 

Corkill (10) 

0.2 

3 

j Fed 

0.47 

0.72 

0.26 

55 

0.31 

0.58 

0.27 

This series 

0.1 

2 

Fasted 

0.53 

0.85 

0.32 

60 

0.16 

0.39 

0.23 

Kr&hl (12) 

0.1 

2 

Fed, fasted 

0.38 

0.50 

0.12 

32 




Stadie (16) 

0.1 

2 ! 

Fasted 

0.43 

0.75 

0.32 

74 


I 


“ (9) 

0.1 

2 ! 

1 

1 



' 


0.35 

0.67 

0.32 


Pituitectomized 


This series 

0.3 

2 

Fasted 

1.061.00 

0.60 

570.300.51 

0.21 

11 tt ,* 




1.001.43 

0.43 

43,0.320.51 

0.19 

t< a 

0.1 

2 

«< 

0.360.70 

0.34| 

940.140.30 

0.16 


* Excluding three moribund animals. 


(20). The interruption of all gonadal functions except that of the corpus 
luteum in certain pregnant animals is evident in 48 hours or less (21, 22). 
Maintenance of the luteal function in the pituitectomized pregnant ani¬ 
mals is believed to be due to substances originating from the placenta. 
Second, insulin may act directly on the hexokinase system in the intact 
cell but not on purified hexokinase. Third, insulin may speed up glucose 
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utilization by an enzyme system other than hexokinase in the isolated 
diaphragm. Since the diaphragm, which contracts constantly throughout 
life, differs from most skeletal musculature in function, it is possible that its 
enzyme system differs from that of other striated muscle. Gemmill (7) 
failed to find the in vitro insulin effect on glucose utilization of frog sar- 
torius muscle which he had found in the rat diaphragm. It has been 
demonstrated that cardiac musculature, which also contracts regularly 
throughout life, differs from skeletal musculature in its ability to form 
glycogen from lactate (23X Fourth, substances other than pituitary 
hormones may inhibit the hexokinase reaction. Broh-Kahn and Mirsky 
(24) have recently reported an inhibition of hexokinase by splenic extracts 
similar to the reported pituitary inhibition; insulin overcame either of these 
inhibitions in vitro . Thus insulin might be able to increase phosphoryla¬ 
tion of glucose even in tissue of pituitectomized animals, if non-pituitary 
hexokinase inhibitors were present. 

Glucose utilization was greatest in the tissue of the moribund fasted 
pituitectomized rats (Table II). Six normal rats were fasted for 4 days; 
the glucose utilization of the diaphragms of these rats was greater than that 
of the controls which were fasted 24 hours. This suggests that prolonged 
inanition may have been a factor in increasing the glucose utilization of the 
pituitectomized rats which were fed ad libitum. 

SUMMARY 

The effect of insulin upon glucose utilization in vitro is as great in the 
diaphragm of the pituitectomized rat as in the diaphragm of the normal. 
Insulin can therefore directly increase the diaphragm’s utilization of glu¬ 
cose, even in the absence of the inhibitory effect of anterior pituitary 
hormones. 

The authors are indebted to Mrs. Nancy Meegan for her assistance in 
the care of the animals. 
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BIOCHEMICAL STUDIES ON HOG TESTICULAR EXTRACT 

I. ISOLATION AND IDENTIFICATION OF 5-PREGNEN-3(0)-OL-2O-ONE* 

By WILLIAM J. HAINES, RICHARD H. JOHNSON, MARI P. GOODWIN, 
and MARVIN H. KUIZENGA 

(From the Research Laboratories , The Upjohn Company , Kalamazoo) 

* Plate 1 

(Received for publication, February 13, 1948) 

Interesting theories concerning the biochemical interrelationship of 
steroid hormones have been presented by many investigators. Selye (1) 
has summarized these views in a scheme for a possible route of biogenesis 
of the different types of hormonal compounds. Unequivocal proof for 
such a scheme would seem to be quite difficult. However, one approach 
to this problem might involve the examination of specific tissues for the 
constituent steroid compounds which have hormone activity or which are 
judged, by their structure, to be closely related to the active compounds. 
One must assume that the coexistence of substances is indicative of meta¬ 
bolic interrelationship. The common embryonic origin of gonadal and 
suprarenal cortical tissues suggests that it might be possible to find com¬ 
pounds related to sex hormones and adrenal cortical hormones in a com¬ 
mon location. With this in mind we have applied a standard procedure 
for the isolation of adrenal cortical hormones (2) to the investigation of 
hog testes extract. 

During the early stages of the separation various fractions have been 
screened for four types of biological activity; adrenal cortical, androgenic, 
estrogenic, and progestational. This has resulted in the detection of a 
significant amount of estrogenic activity, as measured by the Kahnt- 
Doisy assay procedure (3). Although the presence of such activity in hog 
testes has been reported previously (4), it was not further characterized. 
At the present time, we are engaged in the identification of this estrogenic 
material. Our results will be reported in a subsequent paper. 

Although adrenal cortical activity has not been detected by a muscle 
fatigue test (5) or a survival-growth assay (6), a considerable amount of 
unidentified material was obtained in fractions corresponding to the bio¬ 
logically active cortin fraction from adrenal glands. It is known that, of 
the twenty-five or so steroid compounds which have been isolated from 

* A preliminary report of this work was presented at the meeting of the Division 
of Biological Chemistry of the American Chemical Society in New York, New York, 
September 15,1947. 
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the adrenal cortex, only six have appreciable biological activity by the 
above methods of assay (7). Thus it is quite possible that this fraction 
from hog testes may be found to contain compounds such as the so called 
inactive adrenal steroids. 

Investigation of several fractions by means of a standard assay procedure 
for progesterone (8) has failed to detect this type of hormone activity. 
Likewise, the use of a modified test, patterned after that of Korenchevsky 
e< al. (9), involving the measurement of seminal vesicle and prostate gland 
development, has not detected androgenic activity. After this work had 
been completed, a paper (10) came to our attention which reported the 
isolation of androgenic activity from hog testes. The level of this activity 
was extremely low, about 450 y of testosterone equivalent per kilo of tissue, 
and was detected by a chick comb-growth assay (11). Our failure to con¬ 
firm these findings might be accounted for by our use of a different isolation 
scheme and a different method of bioassay. Dingemanse el al. (12) and 
Koch (13) have previously discussed the dissimilarity in the response 
obtained with these two types of assay. 

In his scheme for the hypothetical biosynthesis of steroid hormones, 
Selye (1) has assigned a key position to 5-pregnen-3(/3)-ol-20-one, commonly 

CH, 



called pregnenolone. Thus any effort to establish an interrelationship of 
steroid compounds by means of an isolation technique should quite natu¬ 
rally include an attempt at the detection of this substance. Although 
pregnenolone is readily available as a synthetic compound, having been 
first prepared in 1934 by Butenandt, Westphal, and Cobler (14), its isola¬ 
tion from a natural source had been reported by only one laboratory prior 
to the initiation of our investigation. In their work, Ruzicka and Prelog 
(4) obtained a crystalline mixture of pregnenolone and allopregnanolone, 
from which they were unable to separate free pregnenolone. Only after 
acetylation and subsequent chromatography over al uminum oxide were 
they able to isolate pregnenolone acetate. In our laboratory it has been 
possible to isolate free pregnenolone as such by means of a somewhat 
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different isolation scheme, followed by chromatography over magnesium 
silicate-celite mixtures. Since pregnenolone has no distinguishing bio* 
logical or chemical properties, it is a difficult substance to follow through 
any extensive isolation scheme. We have partially overcome this difficulty 
by applying the very useful tool of infra-red spectroscopy. After the 
absorption spectrum for synthetic pregnenolone was established, each 
fraction from the chromatograms of the ketonic material from the tissue 
extract was examined in the infra-red and compared to the standard curve. 
By this means it was possible* to observe the progressive increase in preg¬ 
nenolone content of the fractions, which led ultimately to the isolation of 
the pure compound. The identity of the natural product with synthetic 
pregnenolone was then established by the standard techniques of melting 
point, mixed melting point, optical rotation, and the preparation of a 
chemical derivative. In addition, the Debye-Scherrer x-ray powder 
patterns and the infra-red absorption spectra in Nujol mulls proved the 
crystal structure identity as well as the chemical identity of the natural 
and synthetic compounds. 

Two other crystalline compounds were isolated in the course of this 
investigation. One of these, which melted at 256° and possessed an [a] D 
value of —15°, was recovered from a chromatogram of mixed ketones. 
This compound was in a band adjacent to one from which pregnenolone 
was isolated. The identity of this substance has not yet been established. 
The other crystalline compound was characterized as free cholesterol. 
Although the presence of this sterol in the extract was not unexpected, its 
point of appearance in the isolation scheme was thought to be unusual. 

EXPERIMENTAL 

The processing involved in this investigation has been divided for con¬ 
venience of discussion into five stages. 

Stage A. Initial Processing of Hog Testes —The starting material for 
this study consisted of 470 kilos of hog testes. These glands had been 
collected and frozen at the packing-house, after which they were packed 
in dry ice and shipped to our laboratory. 1 Since it was desired to study 
the steroid constituents in their natural state in the tissue, every precaution 
was taken that no transformations should occur previous to or during the 
isolation study. The frozen glands were ground into 95 per cent acetone 
(containing 5 per cent water) and processed as shown in Table I. The 
subsequent processing of fractions IX and VI from Table I is recorded in 
Stages B and C, respectively. 

Stage B. Processing of Ethylene Dichloride Extract IX —The details of 

1 These glands were made available to us by the Reliable Packing Company, 
Chicago, Illinois. 
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Table I 


Stage A . Initial Processing of Hog Testes 
470 kilos frozen hog testes 

Extracted with 95% acetone, 320, 110, 110 gals.; 48 hrs. per extraction 


Acetone filtrate; removed acetone 
by distillation in vacuo 


Gland residue (I); 
discarded 


Aqueous fraction (II) 140 gals.; extracted 
with petroleum ether, 65, 35, 35, 35 gals. 

i 


Defatted aqueous fraction; 
extracted with ethylene 
dichloride, 40, 40, 40, 40, 
40 gals. 


Aqueous residue (IV) 
6.54 kilos; converted 
to dry powder by 
lyophilization 


Ethylene 
dichloride 
extract (V) 


Petroleum ether extract, 
4.9 kilos; concentrated 
to 19 gals.; extracted 
with 20% acetone, 13, 
13 gals., each 20% 
acetone washed back 
with 10 gals, petroleum 
ether 


Combined 20% acetone 
extract (VII); acetone 
removed by distillation 


Aqueous fraction 17 
gals.; extracted with 
ethylene dichloride, 5, 
5, 5, 5 gals. 


-1 

Solid fat (III) 2.25 gals., 
2.89 kilos; dissolved in 
12 gals. petroleum 
ether;* extracted with 
20% acetone, 8,8 gals.; 
latter washed back 
with equal volume pe¬ 
troleum ether 


Combined petroleum 
ether residue; con¬ 
centrated to 14 gals. 

i 

Petroleum ether-fat 
residue (VI) 


Ethylene dichloride 
extract (VIII) 


Aqueous residue; 
discarded 


Total ethylene dichloride extract (IX) 


* Skellysolve B. 



r i 

Neutral ethyl acetate fraction Aqueous washes; discarded 

(XVII) 7.28 gm. 


• S. D. 3A alcohol (90% ethanol, 5% methanol, 5% water) used for all subsequent 
aqueous alcohol extractions. 
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the further handling of this fraction are presented in Table II. After the 
crude crystalline material (X), which gave a strongly positive Liebermann- 
Burchard test, had been decolorized with Darco and then crystallized from 
95 per cent alcohol, a fraction was obtained which melted unsharply at 
126-138° and possessed an [a]? value of —26° (c = 1.9 in chloroform). 
After recrystallization of this material once from absolute methanol and 
three times from absolute acetone, a crystalline fraction was obtained which 
melted sharply and was identified as free cholesterol (XI) by the following 
properties. 

C27H45OH 

Calculated. C 83.90, H 11.99; m.p. 148°; [a]? - 39° 

Found.* “ 83.88, “ 11.85; “ 144-145°*; M* - 38°; (c - 1.89 in chloroform) 

The occurrence of this amount of free cholesterol, 290 mg. per kilo of tissue, 
was not expected at this point in the isolation scheme.. 

Fraction XVII would be expected to contain the compounds related to 
the adrenal cortex steroids. In,spite of the fact that no adrenal hormone 
activity was detected, further investigation of this material may yield 
certain of the so called inactive adrenal compounds. It is interesting to 
note that this fraction was found to contain 726,000 i.u. of estrogenic 
activity (equivalent to 72.6 mg. of estrone), as measured 4 by the Kahnt- 
Doisy assay (3). An investigation of this estrogenic material is under 
way at the present time. 

Stage C. Processing of Petroleum Ether-Fat Residue VI —The route by 
means of which fraction VI evolved in this study may be traced by the 
heavy lines in Table I. The subsequent handling of this material is out¬ 
lined in Table III. Ultimately fraction XXIX was produced. No adrenal 
cortical, androgenic, or progesterone-like activity was detected in this 
fraction. However, the Kahnt-Doisy assay indicated a total of 2,460,000 
i.u. of estrogen activity (equivalent to 246 mg. of estrone). 

Stage 2>. Preparation of Neutral Ketone Fraction —An aliquot of frac¬ 
tion XXIX amounting to 5 gm. in 578 ml. of ethyl acetate was used for 
exploratory studies. It was extracted with four 50 ml. portions of 2 per 
cent aqueous sodium hydroxide, and each alkaline extract was washed 
back through the same 100 ml. of ethyl acetate. The alkali washes were 
combined, acidified, and extracted with ethyl acetate. After being washed 
with distilled water, the ethyl acetate solution of dilute alkali-soluble 

* The chemical analyses were carried out by Mr. Harold Emerson and Mr. William 
Struck of our microanalytical laboratory. 

* All melting points were taken on a Fisher-Johns block, which had been stand¬ 
ardized against a Bureau of Standards thermometer. 

4 We are indebted to Mr. Stanley C. Lyster of our laboratory for the estrogenic 
assay data which are reported in this paper. 
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material (XXXI) contained 840 mg. The ethyl acetate solution of material 
not extracted with dilute alkali (XXX) contained 4.34 gm. 

The latter fraction was subjected to an exhaustive separation with 
Girard’s Reagent T, as described by Ruzicka and Prelog (4). This separa¬ 
tion yielded three successive ketone fractions of 588, 87, and 29 mg. and a 
“non-ketone 3” fraction of 2.97 gm. (XXXIII). A very striking Lieber- 
mann-Burchard reaction was obtained when 8 mg. of the latter fraction 
were dissolved in 2 ml. of chloroform and treated with 0.5 ml. of acetic 
anhydride and 0.25 ml. of concentrated sulfuric acid. The upper layer 
became yellow-green, the interphase was red-brown, and the lower layer 
was tan. A small, bright blue band ascended from the interphase into 
the upper layer. 

The three ketone fractions were pooled to give fraction XXXII of 722 
mg., which was subjected to a fourth treatment with Girard’s Reagent T. 
This yielded “non-ketones 4” of 231 mg., fraction XXXV*, and “ketones 4” 
of 396 mg., fraction XXXIV. 

The remaining 9 gm. aliquot of fraction XXIX was subjected to a similar 
separation. The dilute alkali-soluble fraction was pooled with fraction 
XXXI to give a combined dilute alkali-soluble fraction (XL) weighing 
1.61 gm. The exhaustive Girard separation on the dilute alkali-insoluble 
material gave a non-ketonic fraction which was pooled with comparable 
material from the first separation to yield a combined non-ketone fraction 
(XLI) of 8.98 gm. The ketone fraction (XLII) from this separation 
weighed 850 mg. 

Fractions XL and XLI were examined ,by the Kahnt-Doisy assay and 
found to contain estrogenic activity equivalent to 8 and 135 mg. of estrone, 
respectively. However, the chemical properties of this estrogenic material, 
as exhibited in the preceding separations, would seem to indicate that it is 
neither estriol nor estrone. At the present time we are engaged in a fur¬ 
ther investigation of the estrogenic activity in these two fractions and in 
fraction XVII. 

Stage E. Chromatographic Separation of Ketone Fractions XXXIV and 
XLII —These two ketone fractions from Stage D served as the starting 
material for the isolation of 5-pregnen-3(0)-ol-2O-one, commonly called 
pregnenolone. Two types of adsorbents were used in the chromatographic 
separations; magnesium silicate-Celite mixtures and aluminum oxide. 5 
Much sharper separations were obtained with the former. The technique 
of exhaustive elution was employed, and the resulting column bands were 

8 Magnesium silicate No. 34 was obtained from the Philadelphia Quarts Company, 
Berkeley South Gate, California. Celite is an analytical filter aid made by Johns- 
Manville, The aluminum oxide, 80 to 200 mesh, was purchased from the Fisher 
Scientific Company. 
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determined on a weight basis. Each band was characterised by optical 
rotation and intra-red spectroscopy.* The infra-red spectrum of each 
column band was compared to that obtained for synthetic pregnenolone. 7 
In this manner the location of pregnenolone could be conveniently deter¬ 
mined during the extensive purification scheme on samples of 0.5 to 2 
mg. Non-crystalline and semicrystalline fractions were examined as 
smears on the sodium chloride blocks and could be recovered by washing 
with dry ether or dry chloroform. Crystalline fractions were examined 
as Nujol mulls or as chloroform solutions. Column bands which were 
practically pure pregnenolone, as evaluated by the infra-red spectroscopist, 
were pooled for subsequent crystallization. Those which contained 
pregnenolone absorption together with other types were pooled for re- 
chromatography. 

Fraction XXXIV, containing 396 mg. of mixed ketones, was dissolved 
in 12 ml. of benzene 8 and added to a column (15 X 2 cm.) of a mixture of 
5 gm. of magnesium silicate plus 5 gm. of Celite, which had been thoroughly 
• washed with each of the several solvents to be used in the chromatogram. 
The results with this column are presented in Table IV. Particular at¬ 
tention is called to Band C, which consisted of crystalline material eluted 
from the column by a mixture of benzene-ether (10:1). It weighed 16.9 
mg. and had an [a]? value of +31 °. Examination by infra-red indicated a 
high percentage of pregnenolone. The long npedles were washed with a 
small amount of cold, absolute ether, leaving 5.6 mg. of material melting 
at 187-188° and showing no depression when melted with synthetic preg¬ 
nenolone. To this fraction, contained in a tared, 15 ml. graduated centri¬ 
fuge tube, were added 12.5 mg. of hydroxylamine hydrochloride, 0.08 ml. 
of distilled water, and 0.05 ml. of 10 per cent aqueous sodium hydroxide. 
Absolute ethanol was added to make the volume to 0.5 ml. This mixture 
was kept at its boiling point for 10 minutes. It became quite cloudy when 
placed in an ice bath, and considerable crystalline material separated 
upon standing. The mother liquor w r as withdrawn after centrifugation, 
and the crystals were dried to a constant weight of 1.2 mg. They melted 
at 214-216°. No depression was observed when this material was melted 
with an oxime prepared under identical conditions from 5 mg. of synthetic 
pregnenolone. 

• The authors are greatly indebted to Dr. Foil A. Miller and Mrs. Agatha K. John¬ 
son, Division of Physical Chemistry, University of Illinois, Urbana, for their able 
handling of the infra-red spectroscopy which is reported in this paper. 

7 The sample of synthetic pregnenolone was kindly furnished to us by Dr. Percy L. 
Julian and Dr. J. Wayne Cole of the Research Laboratories, The Glidden Company, 
Chioago, Illinois. 

8 All solvents used in this investigation were dried and then distilled in an all- 
Pyrex apparatus and stored in glass-stoppered Pyrex bottles. 
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Band D, which was eluted from this column with benzene-ether (4II 
and 2:1), possessed an [a]™ value of +■18° and weighed 43.3 mg. Crystal¬ 
lization of this fraction from absolute methanol yielded two crops of crys¬ 
tals weighing 7.4 and 2.2 mg. A third crop of 3.5 mg. was obtained from 
isopropanol, leaving a mother liquor of 30.2 mg. The latter now had an 
HJ 5 value of +23°, and exhibited a high concentration of pregnenolone in 

Table IV 

Chromatogram of Neutral Ketones from Hog Testes Extract 
Starting material, 396 mg. of fraction XXXIV; adsorbent, 5 gm. of magnesium 
silicate plus 6 gm. of Celite; column, diameter 2 cm., length 15 cm.; volume of eluate 
per fraction, 20 ml.; total recovery, 360 mg. or 91 per cent. 




Column bands 

Developer 

Fraction 

No. 

B 

A 

•s 

mS 

Description 

Infra-red 

index* 



« 








mg. 

degrees 



Petroleum ether-benzene 

1-8 

A 

12.3 

+14 ± 2f 

Dark yellow oil 

— 

(1:1) 

Benzene 

9-11) 






Benzene-ether (40:1) 

“ (20:1) 

12 

13-14 

B 

9.5 

+33 =b 2 

Light “ “ 

+ + 

“ (10:1) 

15?17 






“ (10:1) 

18-22 

C 

16.9 

+31 rfc 4 

Colorless crystals 

+ + + + 

“ (4:1) 

“ (2:1) 

23 \ 

24—28/ 

D 

43.3 

+18 =fc 5 

Crystals + oil 

+ + 

“ (2:3) 

Ether 

29-30] 
31-32 / 

E 

35.5 

+19 ± 1 

Light yellow oil 

- 

Ether-methanol (40:1) 

33-37 

F 

90.8 

+9 =fc 2 

Orange oil 

— 

“ (20:1) 

38-41 

G 

28.8 

+15 dt 2 

Yellow “ 

— 

“ (2:1) 

42-43 

H 

54.1 

+10 ± 2 

Oil 

— 

Methanol 

44-51 

I 

68.8 

+12 ± 4 

Red-brown oil j 

— 


* +5 » 100 per cent pregnenolone. 

t The ± errors were calculated from the standard equation for [<*]„ by substitut¬ 
ing for “average observed rotation” the mean deviation from the mean of the actual 
observed rotations for each sample. 

its infra-red spectrum. It was added to similar fractions in a subsequent 
chromatogram. The three crops of crystals obtained previously were now 
pooled, and the total fraction was found to have an [a]£ 5 value of —15° 
(c ® 0.34 in absolute methanol). Subsequent recrystallization from absolute 
methanol yielded 4.4 mg. of colorless platelets, melting at 256-258° and 
having the chemical composition of C 83.80, H 10.62. As yet, this material 
has not been identified. 
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Fraction XLII, containing 850 mg. of mixed ketones, was dissolved in 
20 ml. of benzene and treated with 20 ml. of petroleum ether, causing the 
separation of a resinous precipitate. The latter was dissolved and reprecip¬ 
itated from 8 ml. of petroleum ether-benzene (1:1). The combined 
petroleum ether-benzene solution (1:1) contained 757 mg. This fraction 
was added to a column (12 X 2 cm.) containing 40 gm. of aluminum oxide, 
which had been washed with all the solvents to be used in the chromato¬ 
gram. The solvent mixtures used for developing the column were identical 
with those used in the first chromatogram. The first band, eluted with 
petroleum ether-benzene (1:1), contained 259.2 mg. and possessed an M? 
value of +29°. Although the physical characteristics of this material 
were somewhat different from the crude fraction which was added to the 
column, extensive background absorption prevented definitive characteri¬ 
zation by infra-red. However, there was a strong possibility that this 
fraction consisted of less polar compounds which had not been retained 
on the column, perhaps due to the use of an inadequate adsorbent. It is 
♦seen that 497.8 mg. of the starting material were held on the adsorbent. 
Subsequent development led to a typical chromatogram. A band, which 
was eluted with benzene-ether (4:1) and weighed 10.7 mg., was found to 
have an [c*]^ value of +29° and exhibited a high concentration of preg¬ 
nenolone in the infra-red. 

A 252 mg. aliquot of the first band from the above column was dissolved 
in 16 ml. of petroleum ether-benzene (1:1) and chromatographed over a 
mixture of 5 gm. of magnesium silicate plus 5 gm. of Celite, as in the first 
column. 47.4 mg. of crystalline material appeared in a band eluted with 
benzene-ether (10:1), having an [a]f value of +21 db 1°. This fraction, 
while contained in a tared, 15 ml. graduated centrifuge tube, was dissolved 
in 0.3 ml. of boiling absolute methanol and allowed to crystallize. The 
colorless needles were washed with three 0.1 ml. portions of cold ether to 
give 7.2 mg. of crystals melting at 187-188° and showing no depression 
when melted with synthetic pregnenolone. The mother liquors from the 
above. crystallization, as well as several column bands from preceding 
chromatograms which exhibited infra-red evidence for pregnenolone, were 
pooled and chromatographed repeatedly over mixtures of magnesium 
sificate-Celite until all possible pregnenolone had been isolated. 

A total of 20.9 mg. of crystalline material was accumulated which had 
approximately the correct melting point for pregnenolone. Subsequent 
crystallization of this fraction from absolute methanol and finally from 
absolute acetone yielded 13.4 mg. of crystals melting at 186.5-187.5° and 
showing no depression when melted with synthetic pregnenolone. This 
material was found to have an [a]? value of +35 + 4° (c *= 0.25 in absolute 
methanol). Further proof of the identity of this natural product with 
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synthetic pregnenolone was found by comparisons of the Debye-Scherrer 
x-ray powder patterns* (Fig. 1) as well as the infra-red absorption spectra 
(Text-Fig. 1). 1# The infra-red curves were obtained on samples of the 
crystalline compounds suspended as mulls in Nujol. Any slight variation 
between the two curves can probably be explained on the basis of the mull 
of the natural product being slightly less dense than that of the synthetic 
sample. Thus, a few of the weaker bands of the natural product are not 
seen. There are certain points in these curves, such as the twin bands in 
the “ketone region” at 1685 and 1700 cm. -1 , which are probably related to 




Thxt-Fig. 1 . Infra-red spectra of 5-pregneu-3(0)-ol-2O-ouc. Curve 519, natural 
product; Curve 680, synthetic product. Perkin-Elmeriufra-redspectrometer,No. 12-B. 

the crystal structure of the compounds. These modifications and others 
are discussed in a study of the polymorphism of pregnenolone by means of 
x-ray and infra-red spectroscopy, which is the subject of a separate report. 
In addition it was found that infra-red spectra of chloroform solutions of 
the natural product and synthetic pregnenolone were absolutely superim- 

• The authors wish to express their thanks to Dr. George Pish of our Physics De¬ 
partment for the preparation and interpretation of the x-ray data which are 

1# In preparing these plates, the drafting was done by Mr. John Hoffman of our 
Mechanical Development Department, and the photography was handled by Mr. 
Norinan A. Drake of our Physics Department. 
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posable. Thus it can be said that the results with x-ray and infra-red, as 
reported here, prove not only the chemical identity but also the crystal 
identity of the natural product and synthetic pregnenolone. 

SUMMARY 

Hog testicular extract has been subjected to an extensive isolation proce¬ 
dure in order to investigate the interrelationship of steroid hormonal 
compounds. Although no adrenal cortical hormone activity was detected, 
a fraction was obtained which could contain the so called inactive adrenal 
steroids. A significant amount of estrogenic activity was found. Preg¬ 
nenolone (5-pregnen-3(j8)-ol-20-one) was isolated and identified. 
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Fui. 1. X-ray powder patterns of 5-pregnen-3(0)-ol-2O-one. Sample 36, natural 
product; Sample 47, synthetic product. Picker x-ray diffraction unit, Debye-Scherrer 
camera, copper radiation, nickel filter, KVP-48, MA-12. 
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THE UPTAKE OF GLUCOSE BY THE ISOLATED DIAPHRAGM 
OF NORMAL AND HYPOPHYSECTOMIZED RATS* 
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u 

It was reported (1) that the hexokinase reaction, glucose + adenosine 
triphosphate —► glucose-6-phosphate + adenosine diphosphate, in extracts 
of muscle from diabetic rats could be inhibited by adrenal cortical extract, 
while the hexokinase activity in extracts of normal muscle was inhibited by 
a combination of anterior pituitary and adrenal cortical extracts. The in¬ 
hibition was in both cases relieved by insulin. 

In view of these findings, it became of interest to determine the extent to 
which the hexokinase reaction in muscle is controlled by insulin, adrenal 
cortical, and pituitary secretions. To this end, observations on the rate of 
glucose uptake by rat diaphragm were begun. This rate should be a meas¬ 
ure of hexokinase activity in the muscle, since the hexokinase reaction is 
presumably the initial step in glucose utilization and is irreversible. 

In the initial series of experiments (2) it was found that the rate of glucose 
uptake by diaphragm from diabetic rats was depressed. This inhibition, 
appearing when insulin was lacking, could be counteracted, in part, by addi¬ 
tion of insulin to the diaphragm in vitro or by adrenalectomy. Villee, Si- 
nex, and Solomon (3), using C 14 -labeled glucose, have reported that glucose 
use, glycogen deposition, and carbon dioxide production were decreased in 
diaphragms from diabetic rats and increased in diaphragms from adrenalec- 
tomized rats. 

The present experiments were carried out to determine whether hexoki¬ 
nase activity was increased in diaphragms from rats lacking pituitary secre¬ 
tions and whether insulin would have any effect on the reaction under these 
circumstances. 

Methods and Materials 

Animals —Young male rats from Anheuser-Busch, Inc. (Strain AB), and 
Sprague-Dawley, Inc. (Strain SD), were used. They were fed a diet of 
commercial dog biscuit described previously (2). 

Hypophysectomized Rats —The entire pituitary was removed by the para- 

* This work was supported by a research grant from Eli Lilly and Company. 

f Senior Research Fellow of the National Institute of Health, United States Public 
Health Service. 
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pharyngeal approach. 1 Hypophysectomized rats were maintained on the 
stock diet and water ad libitum , and were weighed twice weekly. About 10 
per cent of the hypophysectomized animals were rejected because of con¬ 
tinued weight gain, persistent testes, or gross pituitary residues. 

At necropsy, an examination for hypophyseal remnants was made. The 
region around the wound, the attached stalk, and the overlying brain were 
fixed. Serial sagittal sections, which included the entire wound and the 
stalk, were examined microscopically. 2 In an effort to detect residual an¬ 
terior pituitary cells in the wound, two types of specific staining were 
tried: a modified Mallory’s trichrome stain following Bouin fixation (4), and 
an azocarmine method following Zenker fixation. 8 No true anterior pitui¬ 
tary basophils or acidophils were found. There were, however, occasional 
small groups of glandular cells around the tip of the stalk or elsewhere in the 
wound. These cells were considered to be pars tuberalis on the basis of size 
of cells, the size, shape, and location of the nucleus, and the cytoplasmic 
staining. These residues were small; there subsequently proved to l>e no 
correlation between the presence or absence of such residues and the glucose 
uptake of the diaphragm of the animal in question. 

The adrenals were weighed and then fixed for histological examination. 
In confirmation of Deane and Greep (5) it was found that adrenals from 
hypophysectomized animals exhibited specific regression of the fascicular 
layer of the cortex. At 8 to 12 days after operation the thickness of the 
fascicular zone was about one-half to two-thirds that of the controls; by 70 
days after operation the atrophy had progressed to the point where the fas¬ 
cicular zone was so thin as to be barely distinguishable. 

Procedure for Handling Diaphragms —The diaphragm was removed as 
soon as possible after death and immersed immediately in ice-cold Krcbs- 
Henseleit solution, previously equilibrated with 95 per cent oxygen-5 per 
cent carbon dioxide, which contained the same concentration of glucose as 
that subsequently to be used for measurement of glucose uptake. Each 
hemidiaphragm was cut transversely, yielding four pieces in all. 

Each piece was blotted and transferred to the chilled medium contained 
in the small cylindrical vessels previously used (2) or in 10 ml. Erlenmeyer 
flasks. The vessels containing medium and tissue were next attached to 
Warburg manometers by means of a rubber sleeve and equilibrated with the 
gas phase (95 per cent oxygen-5 per cent carbon dioxide). A channel to 
allow escape of gas between the glass of the manometer tip and the rubber 

1 The hypophysectomies were performed by the staff of the Hormone Assay Labo¬ 
ratories, Chicago. 

* The authors are indebted to Mr. Joseph Albrecht for technical assistance in the 
preparation of slides. 

1 Finerty, J. T., unpublished work. 
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sleeve can be maintained by means of a piece of wire which is removed after 
the equilibration. 

The vessels were shaken in a bath at 37° for the desired period, then re¬ 
moved, stoppered, and chilled in ice water. Samples for determination of 
residual glucose were removed and analyzed as previously described (2). 
Finally, th^ pieces of diaphragm were blotted and weighed on a torsion 
balance. 

Preliminary experiments showed that the rate of glucose utilization by 
normal diaphragm decreased rapidly during 2 hours incubation. These 
initial experiments also indicated that the magnitude of the stimulation of 
glucose uptake produced by 1 unit per ml. of insulin was greater at a 5 to 6 
cm. amplitude of shaking than at a 2 cm. amplitude, presumably because 
of the better access of insulin to individual muscle fibers under conditions 
of greater agitation. It is now believed that this is the explanation for the 
fact that the percentage stimulation by insulin reported in a previous paper 
(2), though statistically significant, was smaller than the degrees of stimu¬ 
lation previously noted by Gemmill and Hamman (6) and by Stadie (7). 
Even under these improved conditions, it seems probable that insulin added 
to the medium cannot exert its full effect owing to poor penetration into 
the central part of the diaphragm. 

In view of these considerations, the rates of glucose uptake by dia¬ 
phragms from normal and from hypophysectomized rats were compared 
under two sets of conditions. In Series I the conditions were exactly the 
same as those used for the previous study (2) and permitted a direct com¬ 
parison of these with previous data. The initial glucose concentration of 
the medium was 100 mg. per cent, the shaking rate 96 cycles per minute at 
2 cm. amplitude, and the time of incubation 2 hours. In Series II the 
initial glucose concentration was increased to 140 mg. per cent, insulin 
concentrations of 0, 10~ 6 , 10 -4 , and 1 unit per ml. were employed, the 
shaking rate was 96 cycles per minute at 5 cm. amplitude, and the time of 
incubation was reduced to 1 hour. 

Other manipulations and calculations were carried out as previously 
described (2). To minimize contamination of control samples with traces 
of insulin, all glassware and instruments were washed in hot soap or deter¬ 
gent solutions and then dried overnight at 160° before each experiment. 

Results 

All rates of glucose utilization are expressed as mg. per gm. of wet dia¬ 
phragm per hour. 

The results will be considered under three headings: (a) rate of glucose 
uptake by diaphragms from normal and hypophysectomized rats in absence 
of added insulin, (b) concentration of insulin required to produce stimulation 
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of glucose uptake in diaphragms from normal and hypophysectomized rats, 
and (c) relative response of diaphragms from normal and hypophysecto¬ 
mized rats to optimum concentrations of insulin. 

Table I 

Glucose Uptake by Diaphragms from Normal and from Hypophysectomized Rats 
Series I, initial glucose concentration, 100 mg. per cent; 2 hours incubation; 
insulin concentration, 1 unit per ml. Hypophysectomized animals were fasted 6 
hours prior to use, normal animals 18 to 22 hours. 


Rat No. 

Days after operation 

Glucose uptake, mg. per gm. wet tissue per hr. 

In glucose 

In glucose + insulin 

1 

2 

1.7 

2.1 

2 

4 

1.9 

2.3 

3 

7 

1.7 

2.6 

4 

10 

3.0 

2.9 

5 

12 

3.3 

3.1 

6 

14 

2.3 

3.1 

7 

16 

2.5 

3.6 

8 

16 

2.1 

3.3 

9 

17 

3.1 

3.9 

10 

17 

2.3 

3.8 

11 

18 

2.3 

3.0 

12 

18 

2.9 

4.7 

13 

19 

2.5 

3.4 

14 

19 

2.4 

3.1 

15 

24 

2.3 

2.8 

16 

25 

2.3 

3.6 

17 

25 

2.3 

2.9 

18 

31 

2.3 

3.7 

Mean for Rats 4-18 (10 or 
more days after operation) 

2.5 ± 0.08* 

3.3 ± 0.13 

Mean for 13 control rats run 
parallel to hypophysecto¬ 
mized series 

1.6 =fc 0.06 

2.3 ± 0.15 


Test for significance of stimulation by insulin, hypophysectomized series, P * 
<0.001; control series, P * <0.001. 

Test for significance of difference between hypophysectomized and normal series, 
no insulin, P - <0.001; with insulin, P - <0.001. 

* Standard error. 

Glucose Uptake without Added Inmlin —In Series I and II the average 
increases in glucose uptake following hypophysectomy were 66 and 59 per 
cent respectively. As shown in Tables I and II, these increases wero sta¬ 
tistically significant. 
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Fig. 1 . The glucose uptake without added insulin of diaphragms from rats at 
various times after hypophysectomy compared on a percentage basis to the average 
uptake of diaphragms from normal rats. 

Table II 

C ttucose Uptake by Diaphragms from Normal and from Hypophysectomited Rats 
* Series II, initial glucose concentration, 140 mg. per cent; 1 hour ineubation. All 
animals were fasted 18 to 23 hours prior to use. 


Rat No. 

Days after 
operation 

Glucose uptake, mg. per gm. wet tissue per hr., at following concentrations of insulin 
(in units per ml.) 


0 

10~» 

io-« 

1 

1 

8 

3.3 

2.5 

3.4 

3.7 

2 

22 

4.7 

4.3 

4.4 „ 

6.2 

3 

22 

5.9 

5.0 

6.0 

6.4 

4 

23 

4.4 

4.0 


5.6 

5 

23 

5.3 

4.6 

6.9 


6 

24 

3.5 

2.7 

4.4 

5.0 

7 

24 

4.1 

4.8 

4.7 

5.6 

8 

44 

4.0 

4.4 

5.0 

6.0 

9 

44 

4.6 

4.9 

7.1 

6.6 

10 

44 

3.0 

2.4 

4.1 

5.7 

11 

69 

4.2 

4.1 

5.7 

4.9 

Mean 


4.3 ± 0.26* 

4.0 ± 0.29 

6.2 ± 0.39 

5.6 ± 0.27 

Mean for 9 con- 

2.7 ± 0.19 

3.2 ± 0.2$ 

3.9 ± 0.35 

4.5 ± 0.28 

trols run 





• parallel to 
hypophy- 
se eternized 





series 






Test for significance of stimulation by insulin. Hypophysectomised series, at 
10^, none; at 10** 4 , P « 0.07; at 1 unit per ml., P ■■ 0.003. Control series, at 10"*, 
none; at 10~ 4 , P « 0.009; at 1 unit per ml., P - <0.001. 

Test for significance of difference between hypophysectomised and normal series, 
no insulin, P -* <0.001; at 1 unit of insulin per ml., P - 0.01. 

• Standard error. 
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The over-all trend of change in glucose uptake relative to the controls 
over a period of 4 months after hypophysectomy is shown in Fig. 1. The 
data suggest that an increased uptake of glucose by diaphragm did not 
become clearly established until some 10 days after hypophysectomy. At 
this time a distinct atrophy of the adrenals was demonstrable. In the last 
group of eleven rats tested 85 to 119 days postoperatively, the average in¬ 
crease in glucose uptake was also slight and not statistically significant. 

Concentration of Insulin Required —With diaphragms from normal rats, 
10~ 5 unit per ml. of insulin produced a marginal, though not significant, 
stimulation of glucose uptake, and Id" 4 or 1 unit per ml. produced a sig¬ 
nificant stimulation (Table II). The marginal concentrations are in agree¬ 
ment with the critical concentrations reported by others (6, 8). 

With diaphragms from hypophysectomized animals, on the other hand, 
10~ 6 unit per ml. produced no stimulation, and 10~ 4 unit per ml. produced 
in a few animals a slight stimulation which was not statistically significant 
for the average of the series. The stimulation by 1 unit per ml. was statis¬ 
tically significant, although there were a few experiments in which the 
stimulation was small or absent (Table II). 

Effect of Optimum Concentration of Insulin —The absolute stimulations 
obtained with high concentrations of insulin were not statistically different 
in normal and hypophysectomized animals (Tables I and II). 

The difference in degree of insulin stimulation between the results of 
Table I and Table II is ascribed principally to the difference in time of incu¬ 
bation and in degree of agitation of the samples. Statistical analysis shows 
that insulin stimulation at 1 unit per ml. was significant in both cases. 

DISCISSION 

The present experiments show that isolated skeletal muscle from hy¬ 
pophysectomized rats uses glucose at a higher rate than normal. This is in 
agreement with previous observations on intact and on eviscerated hy¬ 
pophysectomized rats (9-11). That insulin still increases the glucose up¬ 
take of the diaphragm of hypophysectomized rats is in harmony with the 
fact that injection of insulin causes hypoglycemia in such animals. 

• According to the data of Table II, the diaphragm from a hypophysecto¬ 
mized rat, unlike the whole animal, is not hypersensitive to low concentra¬ 
tions of insulin. This suggests that the hypersensitivity of the fasted 
hypophysectomized animal is the result of a precarious balance between 
decreased glucose supply (because of diminished glycogen reserves and 
limited gluconeogenesis) and increased glucose use. A small amount of 
insulin, which produces a relatively small increase in glucose uptake in 
either normal or hypophysectomized rats, may thus precipitate a fatal 
hypoglycemia in the latter animals/ 
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Since insulin still produces an increase in glucose uptake in diaphragms 
removed 10 to 119 days after hypophysectomy, it is evident that the hexo- 
kinase of muscle is not fully active, even in the absence of pituitary secre¬ 
tions. The source of this non-pituitary inhibition remains to be defined; it 
may well reside in the structural relationship of hexokinase toother cellular 
constituents; it may also be dependent on factors conveyed to muscle from 
tissues other than pituitary. 

One (If the reasons for working with the isolated diaphragm is to deter¬ 
mine the activity of the hexokinase system in a muscle with intact cell 
structure. The results so far obtained show that the diaphragm from a 
normal rat has a rate of glucose uptake corresponding to about 50 per cent 
of the maximum hexokinase activity 4 of that muscle; the corresponding 
values for diaphragm from diabetic and hypophysectomized rats are about 
25 and 75 per cent, respectively. A considerable part of the hexokinase 
activity of muscle is therefore under hormonal control. 

The authors wish to thank I)r. Carl F. Cori for his advice and encourage¬ 
ment during the course of this investigation. 

summary 

1. The glucose' uptake of diaphragms from normal and hypophysecto¬ 
mized rats has been measured. The influence of insulin has also been 
determined, both on normal diaphragms and on diaphragms taken from 
rats from 2 to 119 days after hypophysectomy. 

2. Diaphragms taken from hypophysectomized rats during the period 
from 10 to 70 days after operation had rates of glucose uptake which were, 
on the average, about 60 per cent higher than normal. At less than 10 days 
or more than 80 days after operation, the difference in rates between the 
hypophysectomized and the normal groups was less marked. 

3. On diaphragms from normal rats, 10~ 4 unit per ml. of insulin produced 
a significant stimulation of glucose uptake and 10“ 8 unit per ml, produced 
a marginal stimulation. On diaphragms from hypophysectomized rats 
neither of these concentrations produced a significant stimulation, while 
the next higher concentration tested, 1 unit per ml., produced a significant 
increase of glucose uptake in the majority of the cases. For a few dia¬ 
phragms from hypophysectomized rats in which the rate without insulin 
was extremely high, the stimulation by insulin was small or absent. 

4. The relation of these findings on isolated muscle to those previously 
observed on the intact animal is discussed. 

4 In this comparison the maximum rate of hexokinase activity in the diaphragm is 
the value obtained when insulin is added to a diaphragm taken from a hypophysecto¬ 
mized animal 10 to 70 days after operation. 
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A MICROVOLUMETRIC VAN SLYKE BLOOD GAS APPARATUS* 
Br ARTHUR FI. WlIITELEYf 

(From the Physiological Laboratory , Princeton University , Princeton) 
(Received for publication, September 2, 1947) 

For an analysis of the removal of dissolved N 2 from the blood and tissues 
of cats (1, 2) a convenient and accurate method for the determination of 
the N 2 concentration in small amounts of blood was needed. The ingen¬ 
ious syringe micromethod of Edwards, Scholander, and Roughton (3) 
lacked sufficient sensitivity for part of the study, and it was desirable to 
have a method requiring less dexterity when large numbers of deter¬ 
minations were to be made. A micro version of the volumetric Van Slyke 
apparatus was devised in which 0.100 ml. samples of blood could be ana¬ 
lyzed with an accuracy of about 0.002 volume per cent. This paper de¬ 
scribes this instrument and the procedure for its use. 

Principle arul Design 

In principle the method is that of the macrovolumetric Van Slyke pro¬ 
cedure, the vacuum extraction of gases from a known volume of the fluid 
being analyzed, followed by differential absorption of the gases. The 
volume of extracted gas is read at atmospheric pressure. 

The design of the instrument 1 is shown in Figs. 1 to 4. The lower limit 
for the bore of the capillary burette (Fig. 1, A , a), used for measuring the 
volume of the gas bubble extracted from the sample, is set by the facility 
with which reagents may be drawn through it. 0.25 mm. is a convenient 
diameter. Uniformity of bore 2 is determined by measuring (to 0.05 mm.) 
the length of a short thread of mercury at various positions along the length 
of the capillary; the capillary is calibrated by measuring the length of a 
long thread of mercury contained in it, and then determining the volume of 
the mercury from its weight. It is necessary to wet the walls of the capil¬ 
lary with water before filling it with mercury, inasmuch as, in an actual 

* This work haB been carried out under a contract recommended by the Committee 
oii Medical Research between the Office of Scientific Research and Development and 
Princeton University. 

t Present address, Department of Zoology, University of Washington, Seattle, 
Washington. 

1 The glass blowing was done by Mr. Leigh Harris, Department of Physics, Prince¬ 
ton University, and the machine work by Mr. Russell Mycock, Department of Bi¬ 
ology, Princeton University. 

1 The capillary used in the present instrument was selected from stock by the 
Corning Glass Works. 
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determination of gas volume, there will be a thin film of water separating the 
babble from the glass. 

The upper end of the burette, ground flat, protrudes above the water 
jacket and carries a glass cup (6) of 4 or 5 ml. capacity. The cup fits 
snugly over the end of the capillary and is held in place by stop-cock grease 
melted and allowed to flow uniformly between the glass surfaces. The total 
capacity of the instrument to c, Fig. 1, A, is 0.1000 ml. This pipette is 
used in measuring the sample of fluid to be analyzed. The bore of the en¬ 
largement should not be much greater than 1.5 mm. and the point of its 
attachment to the capillary burette should be smooth and gradually taper¬ 
ing. A gradual taper is advantageous at the lower end of this enlargement 
also. The pipette is calibrated, again after wetting its walls, by weighing 
its capacity of mercury. 

The volume from the top of the instrument to the line d is about 0.2 ml. 
Lines c and d are etched into the glass with hydrofluoric acid; scratching 
them with a diamond pencil weakens the glass to the extent that it is very 
likely to break during operation. 

The volume of the extraction chamber, e, is not critical; in the present in¬ 
strument it is 8 ml. 

The stop-cock, /, is a Coming Pyrex, standard taper stop-cock (catalogue 
No. 7450,2 mm. boro), reground occasionally with a very fine grinding com¬ 
pound. A precision-ground stop-cock, with a large diameter in order to 
separate the openings by a greater distance, would be preferable, however. 
The stop-cock must be carefully ground and greased 11 to insure it against 
leaking. The arm, g, is bent to extend through the aluminum mounting 
panel. To it is attached a trap and to this, in turn, a good aspirator. The 
arm leading to the Shohl trap must be bent downward as close to the body 
of the stop-cock as possible so that no pocket remains in the upper part of 
the bend that might trap bubbles of gas. 

The Shohl trap and mercury leveling bulb are standard. To avoid strain¬ 
ing the glass the weight of the mercury-filled rubber tube should be borne 
by a suitable clamp on the table or other support. 

The upper end of the instrument cannot be closed by means of a stop¬ 
cock because of the difficulty of accurately calibrating its bore, the possi¬ 
bility of small leaks, and the probability of losing part of the.unknown fluid 
in the irregular crevices. In place of a stop-cock the device shown in 
Fig. I, A, i, and Fig. 1, B serves adequately. It consists essentially of a 
rubber seal seated over the capillary opening by a machine thread arrange¬ 
ment. 

* The best grease of several tested is the old formula Lubriseal, a brick-red grease 
of heavy consistency sold by the Arthur H. Thomas Company. 
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To attain the maximum sensitivity of the instrument a lens to aid in 
reading the length of the extracted gas column and a device for eliminating 
parallax are necessary. The device used on the present instrument may be 
seen in Fig. 1, B, and the principle of the antiparallax device is indicated 
in Fig. 2. A lens, a, is mounted in front of the capillary burette so that a 
meniscus, 6, within the capillary is in focus. A cross-hair, c, made of a 
fiber of very fine glass wool, is mounted close behind the lens and at right 
angles to the length of the capillary. Exactly half-way between the cross¬ 
hair and the lumen of the capillary a small mirror, d, is mounted, facing the 
lens. While one observes the meniscus through the lens from directly in 
front of the instrument, the mirror is brought into view from one side until 
its leading edge just begins to encroach on the image of the meniscus. 



Fin. 2. Cross-hair and antiparallax device. A, lateral section; /i, cross-section; 
C, view of meniscus and image of cross-hair through lens. 


With the mirror correctly placed, one can see in it the image of the cross¬ 
hair projected onto the magnified view of the meniscus, with no parallax, as 
in Fig. 2, C. 

This whole assembly is mounted on a brass arm in such a fashion that 
each element is adjustable. Also carried on this arm is a metric scale ver¬ 
nier, reading to 0.05 mm. The arm is rigidly attached to the movable 
part of a rack and pinion from a discarded microscope for fine adjustments. 
This, in turn, is carried by means of a brass block on a f inch drill rod, 
mounted vertically on the aluminum panel, for coarse adjustment. The 
block is held in position and prevented from swinging in an arc on the drill 
rod by a set screw that fits into a channel milled along the length of the 
rod. 

A steel metric rule is mounted on the aluminum panel parallel to the cap- 
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illary burette and in such a position that the vernier is juxtaposed to the 
scale along its entire length. The zero mark of the scale is at the bottom* 
By means of this assembly it is a simple matter to repeat measurements 
to 0.05 mm. anywhere along a linear distance of 20 cm. 

The instrument and measuring device are carefully mounted on a 3/16 
inch aluminum panel, cushioned at the points of contact by rubber. A 
rectangular area is cut out of the panel behind the capillary burette and 
extraction chamber to permit illumination of the apparatus by transmitted 
light. The yoke that carries the seal for the upper end of the capillary is 
held in place on the panel by means of a set screw so that it may be con¬ 
veniently removed. 

To lessen strain, the apparatus is shaken during an extraction by swing¬ 
ing the panel through a short arc in the fashion of a door, rather than by 
rocking the top forward and backward as is customary with the macro 
Van Slyke apparatus. The panel is pivoted through a distance of 1 or 
inches at a rate of about 250 cycles a minute. 

♦ The extraction chamber and pipette are illuminated from behind by 
either a fluorescent bulb or an incandescent one. In the latter case the bulb 
must be some distance in back of the apparatus in order not to heat it, and 
even then a heat-absorbing glass filter such as Solex 4 is desirable. 

In the determination of dissolved N 2 in blood, the analysis for which the 
instrument was originally designed, a number of solutions and accessory 
devices are required. Since, for the most part, these devices or modifica¬ 
tions of them would also be needed for any other determination for which 
the instrument might be used, they are described here. 

A gas-free solution of sodium hydrosulfite and sodium anthraquinone-j8- 
sulfonate in KOH (15 gm. of a 10:1 mixture of the salts in 50 ml. of 1 n 
KOH) is required for the absorption of 0 2 and C0 2 , as in the standard 
macromethod (4). The solution is degassed by shaking approximately 
20 ml. of it in the extraction chamber of a standard manometric Van Slyke 
apparatus or similar device. The simplest and most effective method is to 
connect a good water aspirator with the extraction chamber through the 
exit tube at the top, after evacuating the extraction chamber in the usual 
fashion with the mercury leveling bulb. About 10 minutes of vigorous 
shaking will degas the solution more effectively than wilf a large number of 
repeated extractions. 

Once degassed, this solution is stored anaerobically in a 10 ml. hypoder¬ 
mic syringe lubricated thoroughly with glycerol. The syringe is filled from 
the side tube at the top of the extraction chamber through a short length 
of rubber tubing. 

To transfer the solution anaerobically to the extraction chamber of the 

4 Obtained from the Pittsburgh Glass Company, Philadelphia. 
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micro Van Slyke apparatus an adapter similar to that shown in Fig. 3 is 
attached to the syringe (neither the piece of steel tube cemented in the 
needle socket nor the bend in the needle shaft is needed for this adapter). 
Solution is transferred from the syringe to the apparatus by holding the 
gasket of the adapter firmly to the upper end of the capillary burette, open¬ 
ing the lower stop-cock (with the mercury leveling bulb in the lower posi¬ 
tion), and expelling the fluid from the syringe. Solutions stored in a syringe 
in this fashion will be maintained in a gas-free condition for a very long time 
if the tip of the needle is kept immersed in mercury while not being used. 

The only other reagent required for N 2 determinations is caprylic alcohol, 
to prevent foaming of the blood. This is carried in a 1 ml. syringe fitted 



Fig. 3. Hypodermic needle adapter for transferring blood anaerobically from the 
collecting syringe to the apparatus. 

with a hypodermic needle adapter. The alcohol is not degassed prior to an 
analysis. 

A third 5 ml. syringe for mercury is fitted with either a regular hypoder¬ 
mic needle or a glass pipette tip attached with rubber tubing. 

Procedure for Nt 

For non-pirotein fluids which do not form a gummy coagulum with the 
reagents, no more than 10 minutes are required for a determination. About 
15 minutes are needed for blood because of the greater difficulty in cleaning 
the apparatus. 

1. The clean apparatus is filled with mercury from the leveling bulb, and 
a good vacuum is established in the side arm of the 3-way stop-cock (Fig. 
l,A,g). 

2. About 0.15 ml. of distilled water is drawn into the chamber from the 
cup, followed by mercury to displace the water from the pipette at least 
as far as the 0.1 ml. mark. 
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3. Hie seal is screwed firmly in place to dose the Qapillary burette, and 
the extraction chamber is evacuated by means of the leveling bulb. A 
small amount of mercury is left in the chamber to aid in agitating the water 
during the subsequent extraction. 

4. The water is extracted with vigorous shaking for a minute. 

5. The shaker is stopped, the leveling bulb lowered further than was re¬ 
quired to evacuate the chamber in step (3), and the 3-way cock turned to 
connect the chamber with the leveling bulb. The gas-free water will be 
carried down into the stop-cock and the upper arm of the Shohl trap, dis¬ 
lodging any tiny bubbles of gas that may have been trapped there. This 
step is essential. 

6. Mercury is readmitted into the chamber and the extracted gas and 
water are ejected. 

7. A little more than 0.2 ml. of the alkaline hydrosulfite solution is run 
into the pipette from the storage syringe. There should be some water in 
the cup during this operation. 

„ 8. About a cm. of caprylic alcohol is run into the capillary burette. 

9. Mercury is added to the upper cup and slowly drawn into the appara¬ 
tus to clear the capillary and pipette of reagents at least as far as the 0.1 
ml. mark. It is essential for this step that the design and dimensions of the 
pipette be as specified earlier; otherwise the mercury will round up and drop 
freely through the enlarged part without clearing the hydrosulfite from the 
pipette. If the pipette is correctly made, the mercury will expand com¬ 
pletely into the enlargement, forcing the hydrosulfite ahead of it. 

10. The capillary is sealed and the chamber evacuated by the leveling 
bulb. If gas has not appeared in the chamber by the time the leveling bulb 
has reached the appropriate level, a light tap delivered to the top of the 
capillary seal will cause the mercury column to “break” directly under the 
seal, clearing the pipette of mercury and hydrosulfite. 

11. Extraction is effected by shaking for 2 minutes. 1 minute is ade¬ 
quate, but 2 minutes are used for safety. 

12. Mercury is readmitted to the chamber smoothly until the small 
bubble is in the capillary. The leveling bulb is held a cm. or two above 
the level of mercury in the chamber, the capillary is opened, and the bubble 
expelled from the apparatus along with hydrosulfite until the volume re¬ 
maining in the apparatus is just 0.2 ml. 

13. Step (9) is repeated. 

14. The sample to be analysed is admitted anaerobically to the pipette 
from the collecting syringe to the 0.1000 ml. mark by means of a needle 
adapter fitted with a rubber gasket, as with the hydrosulfite. 

15. Steps (9), (10), and (11) are repeated. Oj and CO* extracted from 
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the blood are absorbed by the alkaline hydrosulfite, and N 2 , CO, 6 and the 
inert gases are extracted nearly completely into the free gas space. 

16. Mercury is carefully readmitted to the extraction chamber from the 
leveling bulb until the liquid has risen into the capillary burette about 1 
or 2 cm. The stop-cock is closed and the stopper sealing the capillary is 
opened, letting clean water from the cup down into the capillary on top of 
the extracted gas. By careful manipulation of the stop-cock and the level¬ 
ing bulb, a small amount of water is drawn through the burette to wash it. 
During this, the bubble of N 2 is drawn into the pipette enlargement. Care 
should be taken to avoid breaking the bubble into smaller ones because it 
is sometimes difficult to make these coalesce, especially in protein solu¬ 
tions. If this does occur, the bubbles may be caused to coalesce by forcing 
them up into the capillary, or in any event by drawing a droplet of caprylic 
alcohol down on top of them. Washing can only be done with relatively 
insoluble gases such as N 2 and even then excessive washing should be 
avoided. 

17. The bubble is run up into the capillary burette to a convenient level 
for reading. The upper limit of the gas column should always be brought 
to approximately the same level. 

18. The length of the column is measured by reading, in quick succession, 
the scale settings with the cross-hair at the top and bottom of the column. 
For maximum accuracy several measurements are averaged, being read 
alternately from the top to bottom and from bottom to top of the column. 
Readings on a bubble may easily be repeated to 0.05 mm. 

19. The barometric pressure and the temperature of the water jacket at 
the time of measurement are read. 

20. The instrument is cleaned for the next analysis. Solutions such as 
water, which form no precipitate with the hydrosulfite, are simply ejected 
through the capillary and drawn off from the cup by a suction tube. The 
apparatus is then ready for the next analysis. Steps (2) through (6) are 
omitted. With proteinaceous fluids, however, a gummy precipitate 6 forms 
which cannot be passed through the capillary. The mercury in the extrac¬ 
tion chamber is run into the leveling bulb, and as the last of it reaches the 
stop-cock the cock is turned to connect the chamber with the clean-out side 
arm (Fig. 1, A, g). The contents of the chamber are sucked through it into 
the trap in the vacuum line, and the apparatus is cleaned by sucking first a 
detergent 7 and finally distilled water through it. After rinsing, the stop- 

* If CO is present in significant amounts, it is measured and corrected for by ab¬ 
sorbing it with Winkler’s reagent (4). 

• The formation of this precipitate is markedly reduced if potassium hydroxide is 
used in preparing the hydrosulfite solution rather than sodium hydroxide. 

7 The neutral detergent Drene, diluted 50 per cent with water, is very satisfactory. 
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cock is closed and a vacuum reestablished in the clean-out side arm. By 
maintaining a vacuum in this arm the danger of air leaking from it into the 
extraction chamber during an analysis is eliminated. 

Calculation# —Concentration of N* is calculated from the following equa¬ 
tion. 


lengthjot gas column in mm. X a X b X 100 

Volumes % «- :—tt - 

100 microliters 

100 microliters is the volume “of the fluid analyzed, a, the number of 
microliters per ml. of capillary, is the calibration factor of the capillary 
burette. The factor b corrects the volume of moist gas at room temperature 
and pressure to the volume of dry gas at standard conditions (determined 
from Table 15, p. 129, of the text of Peters and Van Slyke (4)). However, 
there are two corrections which must be made to the apparent barometric 
pressure in order to determine the actual gas pressure inside the gas column. 
One of these results from the hydrostatic pressure of the column of water in 
the capillary above the gas bubble, equal to the length of the column of 
water divided by the density of mercury, 13.5. This pressure is added to 
the barometric pressure. The second correction results from the inwardly 
directed pressure due to surface tension at the two menisci of the gas 
column. In a capillary of small diameter this may become very appreciable. 
Its magnitude may be calculated from the relation, p = 2 y/r X 7.501 X 
10~ 4 , where p is the pressure, in mm. of mercury, within a gas bubble of 
radius of curvature r cm., in a liquid whose surface tension at the gas-liquid 
surface is y. The constant converts dynes per sq. cm. to mm. of mercury. 
This relation is applicable to the present calculation because, to a first ap¬ 
proximation, the radius of curvature of a meniscus in a capillary of small 
diameter, and when the contact angle is zero, is the same as the radius of the 
capillary. The two menisci are, then, hemispheres, and together constitute 
a sphere. The liquid is assumed to be pure water, though undoubtedly 
some surface tension-lowering impurities are present. In the present in¬ 
strument this correction amounts to 7.4 mm. of mercury, which must also 
be added to the barometric pressure. 

The c correction of Peters and Van Slyke, used to make allowance for the 
gas unextracted from the liquid phase when equilibrium has been reached, 
is negligible (0.06 per cent) in the present instrument for the determination 
of Ns, because of the much larger ratio of volume of the fluid phase to vol¬ 
ume of the extraction chamber in the micro instrument than in the macro- 
manometric apparatus. 

Reabsorption of gas during the process of reestablishing atmospheric 
pressure after extraction and during the time required to read the gas vol¬ 
ume is negligible in this instrument, as in the macrovolumetric instrument, 
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if the gas is N 2 . Repeated washing of the extracted N 2 bubble with distilled 
water does not appreciably alter its volume. 

Another small correction results from the hemispherical nature of the 
meniscus at the ends of the gas cylinder. In measuring the length of the 
bubble the cross-hair is set at the bottom of the meniscus, the fact that the 
meniscus is curved being neglected. The erf or is constant for all measure¬ 
ments and, if of sufficient magnitude, the volume of gas as measured can 
be corrected for it before reducing it to the volume at standard conditions. 
In the present instrument it is of approximately the same magnitude as the 
over-all error of the method. 

Sensitivity and Accuracy of Method —The limit of sensitivity of the present 
instrument is 0.0027 microliter or 1.20 X 10"“ 10 mole of gas. This corres- 


Table I 


Determination of Dissolved N 2 in Distilled Water 
Five analyses were made of each sample. 


N* concentration 


Standard error 


Calculated 

Determined 


vol. per cent 

vol. per cent 

j vol. per cent 

1.158 

1.159 

±0.0005 

0.576 

0.576 

±0.0008 

0.571 

0.575 

±0.0007 

0.457 

0.458 

±0.0007 

0.356 

0.365 

±0.0004 

0.135 

0.137 I 

±0.0010 


ponds to a difference in gas bubble length of 0.65 mm. in the capillary bu¬ 
rette. 

To determine the accuracy of the instrument and its reproducibility on 
repeated analyses of the same solution, analyses of water containing known 
amounts of N 2 were made. Two lots of water were equilibrated in tonom¬ 
eters, one with air and the other with oxygen of known N 2 content, and 
the N 2 concentrations in the samples calculated from the absorption co¬ 
efficient and tension of N 2 in the tonometer. Water with intermediate 
concentrations was prepared by mixing known amounts of these two sam¬ 
ples in a 10 ml. syringe. 

It is evident from the results of these test analyses, summarized in Table 
I, that both the absolute accuracy and the reproducibility are quite high 
regardless of whether the concentration of N 2 in the sample is high or very 
low, and are equal to the limit of sensitivity of the measuring device. 

For these determinations the apparatus was not cleaned between analyses 
by the method described in step (20). To determine whether the cleaning 
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procedure adversely affects the reproducibility of the method, a sample of 
blood was analyzed ten times with the cleaning technique. The mean con¬ 
centration of the ten determinations, with the standard error, was 1.009 
0.0006 volumes per cent, giving the same reproducibility as with the water 
samples. 

Blood Sampling —In the study of denitrogenation of cats (1, 2) two 
methods of obtaining blood samples were used. For larger vessels such as 
the postcaval vein and the dorsal aorta 1 ml. syringes and No. 26 needles 
were used. For very small blood vessels, such as drain a single muscle or a 
fat deposit in the cat, the syringe was unsatisfactory because of the diffi¬ 
culty in piercing the small vessels with a hypodermic needle and the long 
time required to obtain suitably large samples. In its place a method with 
use of a glass sampling tube has been devised. 

The following technique is employed with syringes. The syringe is first 
thoroughly wet with water. A little Carbowax, No. 1600, 8 is placed on the 
ground tip of the syringe, the needle is firmly seated in place, and the wax is 
melted to effect an air-tight seal. Bubbles are then removed from the 
syringe and needle, and the syringe is rinsed two or three times with an 
anticoagulant solution (5 per cent sodium oxalate and 1.5 per cent sodium 
fluoride), air bubbles being avoided. Glycerol is applied liberally to the 
socket at the top of the syringe so that it will be carried down between the 
barrel and plunger. A gas-free solution of the anticoagulant is prepared in 
a standard manometric Van Slyke apparatus as described above for sodium * 
hydrosulfite. A short piece of gum rubber tubing with a pinch-cock at one 
end is attached to the side arm of the extraction chamber. Some of the 
gas-free solution is washed through this and the pinch-cock is closed. The 
anticoagulant (not degassed) in the syringe is ejected completely, the rubber 
tubing punctured, and the gas-free solution drawn into the syringe to rinse 
the needle and syringe thoroughly. About 0.2 ml. of the anticoagulant is 
left in the syringe to be ejected immediately before introduction into the 
blood vessel. The amount of oxalate left in the socket of the needle and 
on the walls of the syringe will prevent clotting in 1 ml. of blood. 

The use of gas-free anticoagulant prevents contamination of the sample 
with an unknown amount of N 2 , but a correction must be made for the dilu¬ 
tion of the blood by the anticoagulant solution. For this the volume of the 
dead space of the syringe and needle must be known, and the syringe should 
be recalibrated at the 1 ml. mark. These volumes are calculated from the 
weights of the syringe and needle when dry, filled completely with water to 
the 1 ml. mark, and after the water has been ejected. Among twenty-three 
syringes, the greatest variation in volume at 1 ml. was 0.028 ml. The 

* Obtained from the Carbide and Carbon Chemicals Corporation, 30 East 42nd 
Street, New York. 
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volume of the dead space varied between 0.044 and 0.036 ml., with a mean 
of 0.040 ml. The variation in the dead space of needles of the same size 
is not great. 

To seal the syringe after drawing the sample, the needle is Removed and 
about 0.05 ml. of mercury is drawn into the syringe, the tip of which is then 
closed with the finger. The blood is thoroughly mixed by rolling the drop 
of mercury back and forth in the syringe, and is stored by placing the 
syringe tip down in a beaker of ice water containing about a half inch of 
mercury. Glycerol is again applied to the top of the syringe between the 
barrel and the plunger to improve the seal and prevent freezing of the 
syringe. 

The blood is transferred to the analyzing apparatus through the special 
needle adapter shown in Fig. 3. When attaching this adapter to the 
syringe, the socket is first filled with mercury and the syringe is then intro¬ 
duced, displacing the mercury as it is seated. The sample is thoroughly 
mixed and some of it is ejected through the adapter to clear it of air. The 
design of the adapter and the precautions in its use eliminate air that might 
otherwise be trapped in the socket of the adapter and contaminate the 
sample. Without the smaller tube that projects into the syringe tip, erratic 
results in repeated analyses of a sample are frequently obtained. The 
shaft is bent at right angles to prevent mercury from passing into the ana¬ 
lyzing apparatus during transfer. 

The glass capillary sampling tube used for small blood vessels is shown 
in Fig. 4, A . The fine, sharply beveled tip is comparatively easy to insert 
into even a small vein. It contains 0.15 to 0.2 ml. of blood. The tip 
offers the only problem in the construction. It is made, after the two tapers 
have been drawn in the glass, by holding the tip lightly against the side 
of a small motor-driven grindstone of the type used in dental grinding 
apparatus. A very good bevel can be made on microscopically fine tips 
in this way if the motor is fairly vibration-free and the stone of fine grade. 

In preparing the capillary for use the device shown in Fig. 4, B is con¬ 
venient. The tip of a clean, dry capillary is inserted through a pinhole in 
the rubber sheet and down into the mercury. A few mm. of mercury are 
drawn into the capillary. The tip is lifted into the saturated, N*-free 9 
sodium oxalate and an equal amount of this is drawn up, followed finally 
by another mercury seal. The sharp tip of the capillary is then forced 
through the vein wall and a sample slightly in excess of 0.1 ml. is drawn 
up, carrying the first two mercury seals and the anticoagulant ahead of it. 
Another mercury seal is taken into the tip after the blood. With a finger 

9 N 2 is removed from the solution by bubbling pure Oi through it for 1 or 2 hours. 
The solution is transferred by means of a syringe, and maintained N*«free by keeping 
it under Oi. 
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held over the open back end of the capillary, a tiny bead of mercury is 
shaken loose from this last seal and is caused to roll back and forth through 
the blood to mix it thoroughly with the anticoagulant which has wet the 
walls. The beveled tip is then sealed in a micro flame and the tube Btored 
in a refrigerator until analyzed. Samples are analyzed as soon as possible 
because the amount of anticoagulant is barely sufficient to prevent coagu¬ 
lation. 

In transferring the sample from the capillary to the analyzing apparatus, 
the blood is first thoroughly mixed with the aid of the droplet of mercury. 
The tip of the capillary is then cut off with a. carborundum point about 2 
mm. from the shoulder at the start of the first taper, and a rubber gasket 
of the type used on the fieedle adapters is pushed onto the tip up to this 



Fi«. 4. A, glass capillary tube for sampling small blood vessels; B, device for 
charging the lube withNs-free anticoagulant. 


shoulder. The mercury seal is then forced out by carefully applied pres¬ 
sure and the sample is transferred in the usual way. 

Analysis of Other Gases —Although little experience has been had in 
using this instrument- with gases other than N*, there should be no difficulty 
in adapting it to the relatively insoluble gases such as O 2 and CO. For 
measuring the O 2 content of blood it would be advantageous to use a con¬ 
siderably smaller sample of blood than 0.1 ml. in order that the quantity 
of 0 2 released will not exceed the capacity of the capillary burette (0.01 
ml. would yield a column of 0 2 5 cm. long in the burette). A sample of 
any size can be used in the instrument if the pipette is calibrated at regular 
intervals, measured by the cross-hair device. 

In the analysis of very soluble gases such as CO 2 the instrument suffers 
by comparison with the standard manometric Van Slyke apparatus in 
that the final measurement is made at 1 atmosphere of pressure, at which 
the tendency for resolution of the gas is greater. Even then, preliminary 
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experience with saturated salt solutions to lessen the solubility of OOa, 
and saturated sodium monobasic phosphate in place of lactic acid to liberate 
CO* from carbonate, gives hope for reasonable accuracy on samples of 
plasma of only 3 or 4 microliters (measured in the capillary burette). 

It is probable that any analysis that can be performed on the macro 
Van Slyke apparatus can also be carried out with the micro instrument, 
frequently with an increase in accuracy and a decrease in time. 

It is a pleasure to acknowledge the interest and many helpful suggestions 
of Professor E. Newton Harvey and Dr. William D. McElroy during the 
development of this apparatus. 


SUMMARY 

A microvolumetric Van Slyke apparatus for the determination of minute 
amounts of dissolved gases has been devised by which differences in gas 
volume of 0.0027 microliter, or 1.20 X 10 -10 mole, of gas can be measured. 
The procedure is described for the determination of dissolved N 2 in 0.100 
ml. of fluid. 10 to 15 minutes are required, and analyses may be repeated 
with a standard error of about ±0.0008 volume per cent on samples varying 
in concentration from 1.0 to 0.1 volume per cent. Applicability to other 
determinations is discussed. 
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The discovery of carbon dioxide assimilation by heterotrophic bacteria 
(1) and animal tissues (2) aroused considerable interest in the mechanisms 
involved. Evidence from various sources suggested the Wood and Werk- 
man reaction, i.e. the carboxylation of pyruvate to oxalacetate, as a major 
pathway (3). 

♦ Evans, Vennesland, and Slotin (4) discovered that pigeon liver extracts 
fixed C0 2 in the presence of malate (or fumarate), pyruvate, and catalytic 
amounts of manganous ions and of either diphosphopyridine nucleotide 
(DPN) or triphosphopyridine nucleotide (TPN), while catalyzing the over¬ 
all Reaction 1. 

(1) Malate (or fumarate 4- H 2 0) 4- pyruvate pyruvate 4- CO* 4- lactate 

This is essentially a dismutation between malate, -which is oxidized and 
docarboxylated to pyruvate 4- C0 2 , and pyruvate, which is reduced to 
lactate; it will be referred to as the malate-pyruvate dismutation. 

Further work (4, 5) suggested that Reaction 1 is the net result of the 
following reactions. 

(2) Fumarate 4- H 2 0 <=* malate 

(3) Malate 4- pyridine nucleotide oxalacetate 4- dihydropyridine nucleotide 

* Aided by grants from the United States Public Health Service, the Rockefeller 
Foundation, the Penrose Fund of the American Philosophical Society, and the 
American Cancer Society (recommended by the Committee on Growth of the National 
Research Council). A preliminary report of part of this work has appeared (Federa¬ 
tion Proc. t 6, 278 (1947)). Part of the material in this paper was taken from a thesis 
submitted by Alan H. Mehler to the Graduate School of Arts and Sciences of New 
York University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, March, 1948. 

t Present address, Weirmaim Institute of Science, Rehovoth, Palestine. 
t Division of Physiology, National Institute of Health, United States Public 
Health Service. 

§ Present address, Laboratory of Physiological Chemistry, University of Wisconsin, 
Madison. 
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(4) Oxalacetate *=* pyruvate -f COs 

(5) Pyruvate + dihydropyridine nucleotide <=* lactate + pyridine nucleotide 

Reversibility of the above reactions was indicated by the incorporation 
of isotopic C0 2 in the carboxyl groups of the various acids (6). Reactions 
2, 3, and 5 are catalyzed by the enzymes fumarase, malic dehydro¬ 
genase, and lactic dehydrogenase respectively, which are present in large 
amounts in pigeon liver extracts. An enzyme catalysing Reaction 4 from 
left to right, in the presence of Mn 4 ^, was discovered in Micrococcus lyso- 
deikticus by Krampitz and Werkman (7) and in pigeon liver extracts by 
Evans et ah (4). 

Since it should be possible to study the combined result of Reactions 3 
and 4, i.e. Reaction 6, by spectrophotometric methods as in the case of 
the isocitric dehydrogenase-oxalosuccinic carboxylase system (8), attempts 

(6) Mal&te -I- pyridine nucleotide ♦=* pyruvate + CO 2 -f dihydropyridine nucleotide 

were made to reconstruct Reactions 1 and 6 with a combination of puri¬ 
fied enzymes. The enzymes used were malic dehydrogenase (9), crystalline 
lactic dehydrogenase (10), and a partially purified oxalacetic carboxylase 
from Micrococcus lysoddkticus, the preparation of which will be described 
in this paper. The results were completely negative. 

Further investigation of the properties of pigeon liver extracts and of 
ammonium sulfate fractions thereof showed that Reaction 1 specifically 
requires TPN as coenzyme. These observations led to the discovery of an 
enzyme in pigeon liver which, with TPN as coenzyme, catalyzes the revers¬ 
ible oxidative decarboxylation of Z-malic acid to pyruvic acid and C0 2 (11). 

The purification and properties of the new enzyme are described in the 
following paper (12). The purified pigeon liver enzyme, which still con¬ 
tains some lactic dehydrogenase, catalyzes Reaction 1, in the presence of 
Mn+^and TPN, with Z-malate and pyruvate as initial reactants; addition 
of crystalline lactic dehydrogenase accelerates the rate of this reaction. 

Moulder, Vennesland, and Evans (5) described a reaction between iso¬ 
citrate and pyruvate, yielding a-ketoglutarate, C0 2 , and lactate (Reaction 
7) catalyzed by pigeon liver extracts in the presence of Mn 44 and either 

(7) Isocitrate + pyruvate —*■ a-ketoglutarate + CO 2 4- lactate 

DPN or TPN, It is essentially a dismutation whereby isocitric acid is 
oxidized and decarboxylated to a-ketoglutarate and CO 2 while pyruvate is 
reduced to lactate, and will be referred to as the isocitrate-pyruvate dismu¬ 
tation. This reaction, which should be catalyzed by the enzymes isocitric 
dehydrogenase, oxalosuccinic carboxylase, and lactic dehydrogenase, was 
reported to occur only in pigeon liver extracts or after supplementing other 
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tissue preparations with fractions from pigeon liver (5). Since the muscle 
and heart preparations used contain the above enzymes (5,13), it was desir¬ 
able to investigate this problem further. 

,We found that the isocitrate-pyruvate dismutation readily occurs in 
extracts of washed, acetone-dried, pig heart (which contains the isocitric 
and oxalosuccinic enzymes but little or no lactic dehydrogenase) when 
supplemented with crystalline lactic dehydrogenase, Mn++, and TPN. 

Here again, as would be expected from the TPN-specificity of isocitric 
dehydrogenase (8, 14), the reaction is strictly TPN-specific and this is true 
also if pigeon liver preparations are used. 

In the course of this work it has been found that crude pigeon liver prep¬ 
arations catalyze the conversion of DPN to TPN in the presence of adeno¬ 
sine triphosphate (ATP). Such a conversion had been previously observed 
by Adler et ah (15) in yeast Lebedev juice. This finding may help to 
explain the difficulties in demonstrating the true pyridine nucleotide speci¬ 
ficity of the above dismutations. 

Since the reductant system in both the malate-pyruvate and the iso¬ 
citrate-pyruvate dismutation is TPN-specific, whereas the oxidant system, 
lactic dehydrogenase, was considered to be DPN-specific, there remained 
the question of how the electron transfer between the two systems takes 
place. This was investigated by Moulder et ah (5) who reached the con¬ 
clusion that the lactic (and also the malic) dehydrogenase of pigeon tissues 
can react with either DPN or TPN. 

On reinvestigating the pyridine nucleotide specificity of various dehydro¬ 
genases, by direct spectrophotometric measurement of the oxidation or 
reduction of the nucleotide, we found that lactic and malic dehydrogenases 
from various sources, whether crude or pure, can indeed react with either 
DPN or TPN, although the reaction with the former is much faster. Glu¬ 
tamic dehydrogenase (liver) was found, in confirmation of von Euler et ah 
(16), to react equally fast with either nucleotide. Crystalline triose phos¬ 
phate dehydrogenase (17) was found to be strictly DPN-specific, whereas 
isocitric dehydrogenase (pig heart, pig liver, pigeon liver) is strictly TPN- 
specific. 


EXPERIMENTAL 

Malate-Pyruvate Dismutation —Catalysis of this dismutation by dialyzed 
aqueous extracts of acetone powder of pigeon liver is shown in Fig. 1 
(Curves 1, 2, 4). Preparation of the extracts and experimental conditions 
were similar to those described by Moulder et ah (5). Fig. 1 also shows 
that the pigeon liver enzymes cannot be replaced by mixtures of purified 
malic dehydrogenase, oxalaoetic carboxylase, and lactic dehydrogenase 
(Curve 3), containing these enzymes in much higher quantities than those 
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present in effective amounts of pigeon liver extract. Not only is there no 
reaction with the mixture of purified enzymes, but the addition of such 



MINUTES 

Fig. 1. Failure of purified malic dehydrogenase, oxalacetic carboxylase (from 
Micrococcus lysodeikticus ), and lactic dehydrogenase to catalyze the malate-pyruvate 
dismut at ion. 0.05 M acetate buffer, pH 5.2, 5 micromoles of MnCla, 0.106 micromole 
of DPN, 10 micromoles of J-malate (224 c.mm.), and 48 micromoles of pyruvate with 
other additions as indicated. Final volume 2.4 cc. Gas, air. Temperature, Curves 
1, 2, and 3, 38°; Curves 4 and 5, 30°. The reaction was started by tipping in sub¬ 
strates from the side bulbs of Warburg vessels after temperature equilibration. 
Curve 1,1 cc. of dialyzed pigeon liver extract with about 30 mg. of protein. Curve 2, 
0.2 cc. of pigeon liver extract, Curve 3, pure malic dehydrogenase (14,000 units), 
purified oxalacetic carboxylase from Micrococcus lysodeikticus (200 units), and 
crystalline lactic dehydrogenase (40,000 units). Curve 4 (3), 0.5 cc. of pigeon liver 
extract. Curve 5 (A), 0.5 cc. of pigeon liver extract, malic dehydrogenase (5600 
units), oxalacetic carboxylase (200 units), and crystalline lactic dehydrogenase 
(20,000 units). 1.0 cc. of pigeon liver extract contained 3600 units of malic dehydro¬ 
genase, 160 units of oxalacetic carboxylase, and 2400 units of lactic dehydrogenase. 

mixtures to pigeon liver extract does not affect the rate of dismutation 
obtained with the latter alone (Fig. 1 , cf. Curves4 and 5). In order to check 
on the possibility of inactivation of the purified enzymes dining the experi¬ 
ment, suitable aliquots of the reaction mixtures were assayed for the various 



MBHLER, KORNBEHG, GKISOLIA, AND OCHOA 


965 


enzymes at the end of the manometric runs; recoveries between 50 and 100 
per cent were obtained. 1 



MINUTES 


Fig. 2. Malate-pyruvate dismutation with crude pigeon liver enzymes. The 
enzyme was prepared by precipitating an aqueous extract of acetone-dried pigeon 
liver with saturated ammonium sulfate at 0°. The precipitate between 0.38 and 
0.66 saturation was dissolved in a minimum volume of water and the solution was 
dialyzed at3-4° for 15 hours against 0.026 m phosphate buffer, pH'7.4, 0.1 M acetate 
buffer, pH 5.2, 5 micromoles of MnCls, 8.5 micromoles of Z-malate (190 c.mm.), 50 
micromoles of pyruvate, and 0.5 cc. of enzyme with other additions as indicated. 
Final volume 2.0 cc. Gas, air; temperature, 38°. The reaction was started by 
tipping in substrates from the side bulbs of Warburg vessels after temperature 
equilibration. Curve 1, either no further additions or 5 micromoles of ATP; Curve 
2,0.5 micromole of DPN; Curve 3, 0.5 micromole of DPN and 5 micromoles of ATP; 
Curve 4, 0.135 micromole of TPN. 

On reinvestigation of the pyridine nucleotide specificity of the malate- 
pyruvate dismutation it became apparent that, even after prolonged 
dialysis, extracts are unsuitable for this purpose because there is little 

1 For a description of the enzyme tests and definition of units see the section 
“Methods.” 
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stimulation of the reaction rate by pyridine nucleotides beyond that caused 
by Mn ++ (cf. also Moulder et ah (5)). A dialyzed ammonium sulfate 
fraction, prepared from the extracts by precipitation between 0.38 and 
0.65 saturation, proved much more satisfactory. When this preparation 
is used in place of the extracts, although the basal rate of dismutation on 
addition of Mn++ alone is not insignificant, there is not much further stimu- 
ation by DPN. Addition of TPN accelerates the reaction very markedly 
(Fig. 2), suggesting that the malate-pyruvate dismutation is TPN-specific. 

If a combination of ATP and DPN is substituted for TPN, one obtains 
dismutation rates not much below those obtained with TPN itself. It 

Table I 

Enzymatic Synthesis of TPN from DPN and ATP in Ammonium Sulfate Fractions of 

Pigeon Liver 

Enzyme preparation, composition of reaction mixtures, and experimental condi¬ 
tions as in Fig. 2. Experiments 1 and 2 were carried out with preparations from dif- 


ferent livers. 

Experiment No. „ _ .. . 

ATP 

Nucleotide added 

DPN 

TPN 

Incubation time 

TPN found 

micromoles 

micromole 

micromole 

min. 

micromole 

1 



110 

0 

5 



110 

0 


0.5 


110 

0.004 

5 

0.5 


110 

0.04 



0.135 

110 

0.04 



0.135 

0 

0.087 

2 



70 

0.005 

5 



70 

0.008 


0.5 


70 

0.008 

1.25 

0.5 


50 

0.024 

2.50 

0.5 


50 

0.037 

5 

0.5 


70 

0.087 



0.135 

70 

0.061 


could be shown that, under these conditions, there occurs a synthesis of 
TPN; this is illustrated in Table I in which Experiment 1 corresponds to 
that of Fig. 2. The TPN estimations were carried out as described 
under “Methods.” It may be seen (Table I, last sample of Experiment 1) 
that on boiling a sample immediately after addition of 0.135 micromole of 
TPN only 0.087 micromole, or about 65 per cent, was recovered, the re¬ 
mainder being probably carried down by the heavy protein precipitate. 
Hence a correction for recovery was applied to the values for found TPN 
given in Fig. 2. It will also be observed (Table I) that added TPN disap¬ 
pears on incubation; whether by degradation to DPN or otherwise is 
unknown. 
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As already stated, the above results led to the isolation from pigeon liver 
of a TPN-specific enzyme which catalyzes the oxidative decarboxylation 
of Z-malic acid to pyruvic acid and CO 2 . The malate-pyruvate dismutation 
is catalyzed by this enzyme together with lactic dehydrogenase. The 



Fig. 3. Malate-pyruvate dismutation with purified pigeon liver enzyme. The 
complete system (Curve 7) contained 0.1 m acetate buffer, pH 5.2, 5 micromoles of 
MnCl 2 , 15 micromoles of l-malate (336 c.mm.), 60 micromoles of pyruvate, 0.135 
micromole of TPN, excess of crystalline lactic dehydrogenase, and liver enzyme 
(specific activity 450) with 290 y of protein. Curve 6, without lactic dehydrogenase. 
There was no reaction if either liver enzyme or TPN was omitted, if fumarate was 
substituted for malatc, or if DPN (0.21 micromole) was substituted for TPN, either 
without or with 5 micromoles of ATP (Curves 1 to 5). Final volume 2.1 cc. Gas, 
air; temperature, 38°. The reaction was started by tipping in substrates from the 
side bulbs of Warburg vessels after temperature equilibration. 


experiment illustrated in Fig. 3 was carried out with the purest preparation 
available of the pigeon liver enzyme (specific activity 450; see Ochoa et at. 
(12)). This preparation still contains some lactic dehydrogenase but in 
amounts insufficient for a maximum rate of dismutation. Under these 
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conditions, the reaction is accelerated by addition of crystalline lactic 
dehydrogenase. Since the purified enzyme is free from fumarase and other 
enzymes originally present in pigeon liver extracts and crude ammonium 
sulfate fractions, undesirable side reactions are excluded. Thus, the reac¬ 
tion proceeds only in the presence of J-malate, pyruvate, Mn^, and TPN. 
DPN, with or without ATP, has no effect, and fumarate is inert when sub¬ 
stituted for malate. 

A chemical balance of the malate-pyruvate dismutation, carried out 
with ammonium sulfate fractions of pigeon liver (Table II), is in complete 
agreement with Equation 1, as reported by Evans et al. (4). It will be 
observed that, with the crude enzyme used, fumarate reacted as well as 
malate and also that all of the dicarboxylic acid reacts if sufficient time is 

Table II 

Chemical Balance of Dismutation between Malate and Pyruvate 
0.08 M acetate buffer, pH 5.2, 5 micromoles of MnCU, 0.135 micromole of TPN, 
8.9 micromoles of pyruvate, and 1.0 cc. of pigeon liver enzyme (dialyzed ammonium 
sulfate fraction as in Fig. 2), with other additions as indicated. Final volume 2.5 
cc. Gas, air; temperature, 38°. The reaction was started by tipping in fumarate 
or malate from the side bulbs of Warburg vessels after temperature equilibration. 
Incubation, 100 minutes. The results are expressed in micromoles. 


Experiment 

No. 

Additions 

1 

A CO, 

j 

1 

| A lactate A pyruvate 

i 

1 

Fumarate (18.4 micromoles) 

; +13.4 

+13.4 -0.33 

2 

1-Malate (13.4 “ ) 

+13.6 

+11.8 : -0.40 

3 ! 

" (53.6 “ ) 

+33.3 

! +28.2 ; -0.23* 

i 


♦Determined enzymatically with lactic dehydrogenase. 


allowed. This fact, which had already been noted by Moulder et al . (5), 
has been made use of for a rapid and specific determination of malate (12). 

Isocitrate-Pyruvate Dismutation —The occurrence of this reaction in 
pigeon liver extracts, as described by Moulder et al, (5), was confirmed. 
However, with dialyzed ammonium sulfate fractions, the reaction was 
found to be TPN-spccific (Fig. 4). With extracts of washed, acetone-dried, 
pig heart (which contain large amounts of isocitric (and malic) dehydro¬ 
genase and oxalosuecinic carboxylase, but little or no aconitase or lactic 
dehydrogenase (13)) there is a rapid reaction as soon as a mixture of extract, 
isocitrate, pyruvate, Mn++, and TPN is supplemented with crystalline 
lactic dehydrogenase; DPN cannot replace TPN (Fig. 4). Extracts of 
acetone-dried pig liver also catalyze the reaction with TPN as coenzyme. 
These results support the view that the isocitrate-pyruvate dismutation is 
catalyzed by isocitric dehydrogenase, oxalosuecinic carboxylase, and lactic 
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dehydrogenase, and is strictly TPN-specific. A chemical balance of this 
dismutation, as catalyzed by pig heart extract together with lactic dehy- 



10 15 20 

MINUTES 


Fig. 4. Isocitrate-pyruvate dismutation. 0.08 m acetate buffer, pH 6.2, 6 micro* 
moles of MnCls, 20 micromoles of dJ-isocitrate (224 50 micromoles of pyruvate, 

and either 1.0 cc. of pig heart extract (Curves 1 to 4) or 0.5 cc. of dialyzed ammonium 
sulfate fraction of pigeon liver extract (fraction obtained between 0.33 and 0.56 sat* 
uration with ammonium sulfate; otherwise as that described in Fig. 2 except that 
the dialyzed solution was kept for 2 days at 3-4° before use) (Curves 5 and 6), with 
other additions as indicated. Final volume 2.5 cc. Gas, air; temperature, 38°. The 
reaction was started by tipping in substrates from the side bulbs of Warburg ves¬ 
sels after temperature equilibration. Curve 1, 0.07 micromole of TPN; Curve 2, 
crystalline lactic dehydrogenase; Curve 3, lactic dehydrogenase and 0.1 micromole 
of DPN; Curve 4, lactic dehydrogenase and 0.07 micromole of TPN; Curve 5,0.1 
micromole of DPN; Curve 6, 0.07 micromole of TPN. 


drogenase, is shown in Table III and agrees with that obtained by Moulder 
et al . (6) with pigeon liver extracts. 


970 


ENZYME MECHANISMS 


Table III 

Chemical Balance of Dismutation between Isocitrate and Pyruvate 
0.085 m acetate buffer, pH 5.2, 10 micromoles of MnCU, 0.2 micromole of TPN, 42 
micromoles of dLisocitrate, 25 micromoles of pyruvate, 1.5 cc. of pig heart extract, 
and an excess of crystalline lactic dehydrogenase. Final volume 3.5 cc. Gas, air; 
temperature, 38°. The reaction was started by tipping in isocitrate from the side 
bulbs of Warburg vessels after temperature equilibration. Incubation, 60 minutes. 
The results are expressed in micromoles. 



Method of estimation 

Initial 

Final 

A 

Pyruvate 

Hydrazone 

25.1 

11.0 

— 14.1 

a-Ketoglutarate 

Oxidation and succinoxidasc ! 

0.0 

12.4 

+12.4 

<( 

Hydrazone 

0.0 

13.3 

-f-13.3 

O 

O 

Manometric 


13.1 

+ 13.1 

Lactate 

Colorimetric 

1.4 

15.9 

+ 14.5 


Table IV 


Pyridine Nucleotide Specificity of Some Dehydrogenases 


Dehydrogenase 

Source and purity 

Reaction tested* 

Reactive pyridine 
nucleotide 

Malic 

Pig heart (crudef or 

Oxalacetate + CoH 2 

DPN, TPN 


pure), pigeon liver J 

r* Z-malate + Co 


Lactic 

Ox heart (crystalline), 

Pyruvate + CoH 2 lac- 

DPN, TPN 


pigeon liverj 

tate + Co 


IsocitricJ 

Pig heart,f pig liver,|| 

d-Isocitrate + Co r* a- 

TPN 


pigeon liverj (all 

ketoglutarate + C0 2 



crude) 

+ C 0 H 2 

j 

Glutamic 

Pig liver|| (crude), calf 

L-Glutamate + Co a~ 

DPN, TPN 


liver (partially puri¬ 

ketoglutarate + NIL 



fied) 

+ CoIL 


Triose phos¬ 

Rabbit muscle (crystal¬ 

3 -Phosphoglyceraldehyde 

DPN 

phate If 

line) 

+ Co “♦ 3-phosphogly- 
cerate + C 0 II 2 



* The direction in which individual reactions were tested is indicated by the heavy 
arrows. Co stands for coenzyme (pyridine nucleotide). 

t Dialyzed phosphate extract of washed, acetone-dried, pig heart (8). 
t Dialyzed aqueous extract of acetone-dried pigeon liver (4, 5). 

$ In the presence of oxalosuccinic carboxylase and Mn^ (8). 

|| Dialyzed phosphate extract of acetone-driod pig liver. 

If In the presence of arsenate (17). 

Pyridine Nucleotide Specificity of Dehydrogenases—A reinvestigation of 
the pyridine nucleotide specificity of several dehydrogenases was under¬ 
taken for the reasons already stated. In order to obtain unequivocal 
results, the rate of oxidation or reduction of the pyridine nucleotide, in the 
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presence of enzyme and substrate, was measured spectrophotometrically 
by the methods developed by Warburg (18). All of the reactions studied 
are reversible. They were followed in the direction in which they proceed 
at a faster rate, except in the case of the reaction catalyzed by glutamic 
dehydrogenase, which was followed in both directions. The results are 
summarized in Table IV. 


Table V 

Reaction of Malic and Lactic Dehydrogenases with Pyridine Nucleotides 
Each experimental cell contained 0.025 m glycylglycine buffer, pH 7.4, enzyme 
and pyridine nucleotide as indicated, and water to a volume of 2.9 cc. At zero time 
0.1 cc. of either 0.0076 m oxalacetate (malic dehydrogenase) or 0.0091 m pyruvate 
(lactic dehydrogenase) was added. Temperature, 22-24°. The blank cell contained 
no pyridine nucleotide. The reaction rates were calculated from the third 15 second 
period after addition of substrate. 


Dehydro¬ 

genase 

I 

j Source 

i 

Reduced 

pyridine 

nucleotide 

Pyridine 

nucleotide 

concen¬ 

tration 

Amount 

of 

enzyme 

Rate 

Activity 

ratio* 


! 

i 


mole X 10~* 
per ce. 

cc. 

mole X 10-* 
per min. 
per cc. 


Malic 

Pig heart (pure) 

DPN 

5.3 

0.0005 

2.1 



i 

! TPN 

11.0 

0.005 

0.61 

34 


“ “ extract 

DPN 

7.7 

0.001 

1.0 



! 

TPN 

7.5 

0 . 0 £ 

0.81 

25 


Pigeon liver extract 

DPN 

5.7 

0.0015 

1.0 




TPN 

5.7 

0.01 

1.2 

17 

Lactic 

i Ox heart (crystalline) 

DPN 

5.6 

0.0001 

0.71 


l 


TPN 

7.3 

0.02 

0.64 

220 

1 

Rabbit muscle f 

DPN 

4.2 

0.0005 

0.95 


i 


TPN 

7.4 

0.1 

1.1 

170 


Pigeon liver extract 

DPN 

6.3 

0.001 

1.35 ! 




TPN 

7.5 

0.1 

1.0 

135 


* Rate with DPN per cc. enzyme 
Rate with TPN per cc. enzyme’ 
t Crystalline fraction supplied by Dr. E. Racker. 


Whereas, in confirmation of von Euler et oZ. (16), the liver glutamic 
dehydrogenase was found to react about equally fast with either DPN or 
TPN, in the case of malic, and especially of lactic dehydrogenase, the reac¬ 
tion with DPN was much faster. This is illustrated in Table V. 

DISCUSSION 

The results presented in this paper make it possible to interpret the reac¬ 
tions between either malate or isocitrate and pyruvate as TPN-linked 



972 


ENZYME MECHANISMS 


dismutations resulting in the oxidative decarboxylation of malate or iso¬ 
citrate, with simultaneous reduction of pyruvate to lactate. These reac¬ 
tions proceed according to Equations 8, 9, and 10, in which the main 
direction is indicated by heavy arrows. Reaction 8 is catalyzed by the 
new enzyme from pigeon liver, Reaction 9 by isocitric dehydrogenase 
together with oxalosuccinic carboxylase, and Reaction 10 by lactic dehy¬ 
drogenase. 

(8) l-M&l&te 4 TPNox. <=* pyruvate + CO* 4 TPN r « d . 

(9) d-lsocitrate + TPN<«. ?^a-ketoglutarate 4 CO* 4- TPN re d. 

(10) Pyruvate 4 TPN r «d. (or DPN rM i.) r* lactate 4 TPN«. (or DPN«J 

The TPN specificity of the above dismutations is due to the strict TPN 
specificity of Reactions 8 and 9. Reaction 10 proceeds much faster 
with DPN than with TPN; the fact that it occurs at all with TPN makes 
the dismutations possible. Under these conditions, Reaction 10 is prob¬ 
ably the reaction limiting the over-all rate of the dismutations. 

A faster dismutation should occur between cither malate or isocitrate 
and oxalacetate with the malic dehydrogenase (instead of lactic dehy¬ 
drogenase) system as oxidant, since malic dehydrogenase reacts with TPN 
relatively more rapidly than lactic dehydrogenase does. Still faster dis¬ 
mutations should occur, in the presence of a-ketoglutarate and NH 3 , with 
the glutamic dehydrogenase system as oxidant, since its high oxidation- 
reduction potential is as favorable as that of the lactate and malate systems, 
and its reaction with TPN is rapid. It will be recalled that Adler vt al. 
(14) described such a reaction: a rapid conversion of isocitrate 4* NH 3 to 
glutamate. 

The failure of purified malic dehydrogenase, oxalacetic carboxylase, and 
lactic dehydrogenase to catalyze the malate-pyruvate dismutation simply 
reflects the failure of a combination of the first two enzymes to catalyze the 
oxidative decarboxylation of malic acid. The problem presented by this 
fact is discussed in the following paper (12). 

Methods 

Isolation of Oxalacetic Carboxylase from Micrococcus lysodeikticus —The 
organisms were grown and harvested as described by Krampitz and Werk- 
man (7). Suspensions of washed organisms were lysed with lysozyme. 
Lysozyme was prepared by the method of Alderton et al (19), followed up 
to the lyophilization of the dialyzed eluate from bentonite. The lysed 
preparation was brought to pH 5.0 With 1.0 n acetic acid and the precipitate 
was centrifuged off and discarded. The supernatant was shaken with 
alumina gel Cy (which adsorbs most of the flavoprotein present) and the 
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supernatant was precipitated with 3 volumes of acetone at 0°. The pre¬ 
cipitate was collected by centrifugation, washed twice with ice-cold acetone, 
and dried in vacuo. 1.1 gm. of pooled acetone powder were ground in a 
mortar with 120 cc. of 0.1 m phosphate buffer, pH 7.4, the insoluble residue 
was centrifuged off, and the supernatant was dialyzed for 3 to 4 hours 
against running tap water. To the dialyzed solution were added, with 
stirring, 19.2 mg. of protamine sulfate (dissolved in 1.9 cc. of water and 
brought to pH 6.0), and the mixture was centrifuged at 3000 r.p.m. for 30 
minutes. To 135 cc. of slightly turbid supernatant were added 23.8 gm. 
of ammonium sulfate, and the precipitate was discarded. The enzyme was 
precipitated by the further addition of 30 gm. of ammonium sulfate. The 
precipitate was dissolved in a small amount of water and the solution was 
dialyzed overnight against running tap water. The enzyme was now pre¬ 
cipitated with 4 volumes of acetone at 0°. The precipitate was washed 
twice with ice-cold acetone and dried in vacuo. This preparation is very 
stable, retaining full activity for over a year when stored at 3-4°. It is 
free of lactic and malic dehydrogenases and quite inactive toward malic 
acid whether with DPN or TPN. 

Oxalacetic Carboxylase Test —The manometric activity tests are based on 
the rate of decarboxylation of oxalacetate and are carried out in the presence 
of 0.1 m acetate buffer, pH 5.2, 1 micromole of MnCU, enzyme, and 19 
micromoles (425 c.mm.) of freshly dissolved oxalacetate which is tipped in 
from the side bulb of the Warburg vessels after 5 minutes of temperature 
equilibration. Final volume 2.0 cc.; gas, air; temperature, 25°. A blank 
without enzyme is carried out simultaneously to correct for the spontaneous 
decarboxylation of oxalacetate. Under the above conditions the evolution 
of CO*, in the presence of enzyme, ,is of zero order over a good part of its 
course. The spontaneous decarboxylation is first order. 1 enzyme unit 
is defined as the amount of enzyme causing an excess CO* evolution over 
the blank of 1.0 c.mm. in 10 minutes, calculated for the second 5 minutes 
following tipping in the oxalacetate. The corrected CO* evolution in this 
period is proportional to enzyme concentration within rather wide limits. 
The specific activity (units per mg. of protein) of the above preparation of 
oxalacetic carboxylase was about 200. The specific activity of the lysed 
cells was about 50. 

Dehydrogenase Preparations —Pure malic dehydrogenase was prepared 
from pig heart according to Straub (9). Crystalline lactic dehydrogenase 
was prepared from ox heart by the method of Straub (10). Crystalline 
triose phosphate dehydrogenase, prepared from rabbit muscle by the method 
of Cori et al. (17), was kindly supplied by Dr. E. Hacker. A preparation 
of glutamic dehydrogenase freon acetone-dried calf liver, partially purified 
by fractionation with ethanol at low temperature, was kindly supplied by 
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Dr, S. Ratner. The nature of the various crude enzyme preparations used 
is indicated in Table IV. 

Dehydrogenase Tests and Units —The rate of oxidation or reduction of the 
reduced or oxidized pyridine nucleotide was measured by determining the 
absorption of light of wave-length 340 m/i in the Beckman spectropho¬ 
tometer. The reactions thus measured in the case of each of the various 
dehydrogenases were those indicated in Table IV. The reaction mixtures 
containing 0.025 m glycylglycine buffer, pH 7.4, pyridine nucleotide, 
enzyme, substrate, water, and, if necessary, other additions, were made up 
to a final volume of 3.0 cc. in quartz cells of 1.0 cm. light path. Reactions 
were started by addition of either substrate or enzyme and readings of the 
optical density were taken, at intervals of 15 seconds, against a blank con¬ 
taining all components except pyridine nucleotide. 1 unit was arbitrarily 
defined, in every case, as the amount of enzyme causing a A log I o/ 1 of 0.01 
per minute calculated for the third 15 second period after the start of the 
reaction. The concentrations of substrates and pyridine nucleotides were 
chosen to give maximum rates with the highest amounts of enzyme used, 
which did not exceed 10 units. The tests were carried out at room tem¬ 
perature between 20-25°. 

Chemical Preparations —The following substances were prepared as pre¬ 
viously described: crystalline sodium pyruvate (20), DPN 2 (21), di-isocitric 
acid (8), oxalacetic acid (22). Fumaric and Z-malic acids were obtained 
commercially. Reduced DPN (sodium salt) was prepared by the method 
of Ohlmeyer (23). Solutions of reduced TPN were obtained by enzymatic 
reduction with stoichiometric amounts of isocitric acid. After completion 
of the reaction, the mixture was brought to about pH 10.5 with dilute alkali, 
heated for 2 to 3 minutes at 100°, cooled, and centrifuged. 

The DPN preparations were free from TPN as shown by their failure to 
catalyze the reduction of 2,6-dichlorophenol indophenol by glucose-6- 
phosphate in the presence of Zwischenferment (24). The absence of DPN 
from the TPN preparations was shown by their inactivity in the triose 
phosphate dehydrogenase system. 

Analytical Methods —Pyruvic and a-ketoglutaric acids were determined 
by the method of Friedemann and Haugen (25) and lactic acid by the 
method of Barker and Summerson (26). Pyruvic acid was also determined 
enzymatically with lactic dehydrogenase (12). 

Enzymatic Determination of TPN —TPN was determined by its catalytic 
effect on the rate of reduction of 2,6-dichlorophenol indophenol by isocitric 
acid, in the presence of isocitric dehydrogenase, according to the method 
of Haas (24). The test system was made up with enzyme, 0.3 cc. of 0.25 

* We are greatly indebted to Dr. Charles N. Frey and Mr. R. F. Light, The Fleisch- 
man Laboratories, New York, for generous supplies of yeast for this preparation. 
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M glycylglycine buffer, pH 7.4, 0.02 cc. of 0.05 M MnCl*, 0.2 cc. of 2,6-di- 
chlorophenol indophenol (0.1 mg. per cc.), 0.1 mg. of dZ-isocitrate, TPN 
or the TPN-containing sample, and water to a volume of 3.0 cc. Readings 
were taken at room temperature (20-22°) in the Beckman spectropho¬ 
tometer at wave-length 600 m^. The blank cell contained no dye. The 
reaction was started by the addition of isocitrate or enzyme. The early 
rate of dye reduction is, within certain limits, proportional to the TPN 
concentration, as is shown in Fig. 5. There is some blank reaction if 
dialyzed heart extracts are used; this can be eliminated by the use of par¬ 
tially purified preparations (8). 



MICROGRAMS TPN 

Fio. 5. Rate of reduction of 2,6-dichlorophenol indophenol by the isocitric de¬ 
hydrogenase system as a function of the TPN concentration. Wave-length, 600 

Reaction mixtures were diluted with 0.5 volume of water and transferred 
to small test-tubes. These were placed in boiling water for 1 min ute, 
cooled in ice, and centrifuged at high speed. The clear supernatants were 
analyzed for TPN as described above. 

SUMMARY 

The reaction between malate and pyruvate, yielding pyruvate, COj, and 
lactate, specifically requires TPN as coenzyme. This reaction is a TPN- 
linked dismutation involving both an enzyme isolated from pigeon liver, 
catalyzing the oxidative decarboxylation of malate to pyruvate and COj, 
and lactic dehydrogenase. A mixture of purified malic dehydrogenase, 
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oxalacetic carboxylase, and lactic dehydrogenase failed to catalyse this 
reaction. 

The reaction between isocitrate and pyruvate, yielding a-ketoglutarate, 
COi, and lactate, is TPN-specific and proceeds in the presence of dialyzed 
extracts of washed, acetone-dried, pig heart (containing isocitric dehy¬ 
drogenase and oxalosuccinic carboxylase) supplemented with crystalline 
lactic dehydrogenase. This reaction is also a TPN-linked dismutation 
involving both the isocitric and lactic dehydrogenase systems. 

A reinvestigation of the pyridine nucleotide specificity of several dehy¬ 
drogenases, by direct spectrophotometric measurement of the oxidation or 
reduction of the nucleotide, showed that malic and lactic dehydrogenase 
can react with either DPN or TPN, but the reaction with the latter is 
slower. The coenzyme specificity of other dehydrogenases (isocitric, 
triose phosphate, glutamic) conforms to that found by earlier observers. 

The TPN specificity of the malate-pyruvate and isocitrate-pyruvate 
dismutations is determined by the TPN specificity of the reductant systems, 
since the oxidant system, lactic dehydrogenase, can react with either DPN 
or TPN and indeed reacts much faster with the former. 

In crude enzyme preparations of pigeon liver there is a slow synthesis 
-of TPN from DPN and ATP. Such preparations also bring about a slow 
disappearance of added TPN. 

We wish to thank Mr. Sidney Udenfriend for help with some of the experi¬ 
ments, and Mr. Morton G'. Schneider for technical assistance. 
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BIOSYNTHESIS OF DICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION 


I. ISOLATION AND PROPERTIES OF AN ENZYME FROM PIGEON LIVER 
CATALYZING THE REVERSIBLE OXIDATIVE DECARBOXYLATION 
OF Z-MALIC ACID* 

By SEVERO OCHOA, ALAN H. MEHLER.f and ARTHUR KORNBERGJ 

* 

(From the Departments of Pharmacology and Chemistry , New York University College 

of Medicine , New York) 

(Received for publication, March 23,1948) 

The isolation from pigeon liver of an enzyme which catalyzes the revers¬ 
ible oxidative decarboxylation of J-malic acid to pyruvic acid and C0 2 has 
been previously reported (1). Work leading to the discovery of this en¬ 
zyme has been discussed in the preceding paper (2). The present paper 
'deals with the purification of the pigeon liver enzyme and with a more 
detailed study of its properties. 

In the presence of manganous ions the new enzyme catalyzes Reaction 1. 

(1) COOH• CH a *CHOH• COOH + TPN 0 x.<=iCH,*CO*CX)OH + CO, + TPN r#d . 

J-Malic acid Pyruvic acid 

The enzyme is strictly specific towards triphosphopyridine nucleotide 
(TPN), l -malic acid, and pyruvic acid; there is no reaction with either 
diphosphopyridine nucleotide (DPN), d-malic acid, fumaric acid, or phos- 
phopyruvic acid. The enzyme functions in the absence of inorganic phos¬ 
phate and adenosine triphosphate (ATP). The evidence so far obtained 
indicates that Reaction 1 is catalyzed by a single enzyme. This enzyme, 
in the presence of Mn^, also catalyzes the decarboxylation of oxalacetic 
acid to pyruvic acid and C0 2 (Reaction 2). 

(2) COOHCHrCOCOOH^CHrCOCOOH + CO, 

Oxalacetic acid Pyruvic acid 

As in the case of the tricarboxylic acid system (3), the equilibrium of Re¬ 
action 1, far to the right, can be shifted to the left, t.e. in the direction of 
C0 2 fixation, by coupling with the glucose-6-phosphate dehydrogenase 

* Aided by grants from the United States Public Health Service, the Rockefeller 
Foundation, the Penrose Fund of the American Philosophical Society, and the 
American Cancer Society (recommended by the Committee on Growth of the Na¬ 
tional Research Council). 

t Present address, Wei smarm Institute of Science, Rehovoth, Palestine, 
t Division of Physiology, National Institute of Health, United States Public 
Health Service. 


979 



980 


BIOSYNTHESIS OF DICARBOXYLIC ACIDS. I 


system of low oxidation-reduction potential. The following reactions are 
then obtained. 

(3) Glucose-6-phosphate + TPN 0 *. <=* 6-phosphogluconate + TPN r# d. 

(4) Pyruvate + CO* + TPNred. <=* Z-malate + TPNox. 

The net result of Reactions 3 and 4 is Reaction 5, a TPN-linked dismu- 
tation whereby glucose-6-phosphate is oxidized to phosphogluconate, while 
pyruvate is carboxylated and reduced to malate. 

(5) Glucose-Grphosphate + pyruvate 4- CO* * 6-phosphogluconate + {-malate 

EXPERIMENTAL 

Optical Test and Enzyme Unit —Activity determinations are based on 
Reaction 1. The early rate of reduction of TPN 0X . in the presence of 
enzyme, manganous ions, and an excess of Z-malate is, within certain lim¬ 
its, proportional to the enzyme concentration. The formation of TPNred. 
is followed in the Beckman spectrophotometer at wave-length 340 m/x. 
Measurements have been carried out at room temperature (20-24°). 

The reaction mixture, in quartz cells (d = 1.0 cm.), consists of 0.025 m 
glycylglycine buffer, pH 7.4, 1.0 micromole of MnCl 2 , 0.135 micromole 
of TPNox. 1 0.448 micromole of Z-malate, enzyme, and water. Final vol¬ 
ume 3.0 cc. The reaction is started by the addition of malate, and read¬ 
ings of the optical density are made, against a blank containing all com¬ 
ponents except TPN, at intervals of 15 seconds for 1 or 2 minutes. The 
increase in optical density (A log Jo//) between 30 and 45 seconds after the 
addition of malate is used to calculate the enzyme activity. 1 enzyme unit 
has been arbitrarily defined as the amount of enzyme causing an increase in 
optical density of 0.01 per minute. The amount of enzyme used in a test is 
adjusted so that A log J 0 /J, for the period between 30 and 45 seconds, lies 
between +0.006 and +0.015. 

The protein content of enzyme fractions is determined spectrophoto- 
metrically by measuring the absorption of light at wave-lengths 280 and 
260 m/x. The protein concentration was calculated, from the absorption 
at 280 m m, with a correction for the nucleic acid content from the data 
given by Warburg and Christian (4). The specific activity of an enzyme 
preparation is given by the ratio, units per mg. of protein. 

Isolation of Enzyme 

The starting material is acetone powder of pigeon liver. Preparation of 
the powder and extraction are carried out essentially according to Evans 
et al . (5). The enzyme has been substantially purified by fractionation 
with ethanol at low temperature and fractional adsorption on alumina gel. 
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Preparation of Acetone Powder —Pigeon livers, removed as rapidly as pos¬ 
sible after decapitation, were cooled in ice and freed from fat and connective 
tissue. The livers were extracted with acetone, cooled to —5°, in a chilled 
Waring blendor; the suspension was then poured into sufficient acetone (at 
—5°) to make a total of 10 volumes of acetone. The mixture was stirred 
for a few minutes and filtered with suction in the cold room. The residue 
was reextracted once more with acetone, spread on filter paper, and allowed 
to dry at room temperature. The dry material was freed from the larger 
threads of connective tissue,'ground to a powder in a mechanical mortar, 
and stored in stoppered bottles in the ice box. . Its activity keeps unchanged 
for several months. 

Step 1 . Extraction —100 gm. of acetone powder were extracted for 10 min¬ 
utes with 1 liter of distilled water at 40° with mechanical stirring; the insolu¬ 
ble residue was centrifuged off at room temperature and discarded. This 
yielded 800 to 900 cc. of a reddish brown turbid extract, the protein concen¬ 
tration of which was about 25 to 30 mg. per cc. Its specific activity was 
about 4. 

Step 2. First Ethanol Fractionation —To 800 cc. of extract were added 200 
cc. of 0.2 m phosphate buffer, pH 7.4, after cooling both to 0°. Absolute 
alcohol (cooled to —30°) was now added to the solution with mechanical 
stirring. The alcohol was added very slowly and the temperature was not 
allowed to rise above 0°. As the alcohol concentration rises, the tempera¬ 
ture 1 is allowed to fall eventually to — 5° and is maintained until enough 
alcohol has been added to make a concentration of 32 to 35 per cent by 
volume. 

The precipitate was centrifuged off at —5°, in the refrigerated centrifuge, 
and discarded. The supernatant was allowed to stand overnight at —15°, 
whereby a further precipitate was obtained. This precipitate was centri¬ 
fuged off at —10° and dissolved in ice-cold 0.02 m phosphate buffer, pH 7.4. 
It gave a clear red solution, specific activity 13. Solutions from three 100 
gm. batches of acetone powder, each obtained as described above, were 
combined at this stage to give 194 cc. of solution (see Table V) containing 
55 mg. of protein per cc. 

Step 3 . Refractionation with Ethanol —On fractionation of 194 cc. of the 
above solution the results shown in Table I were obtained. 

Fractions obtained by precipitation with ethanol at a given temperature 
were always collected by centrifugation at the same temperature and taken 
up in ice-cold 0.02 m phosphate buffer, pH 7.4. While the first fraction of 
any series usually contained some insoluble material, subsequent fractions 
always gave clear solutions. 

1 The desired temperatures were maintained with alcohol-water mixtures which 
were kept as semifrozen slushes by means of an outer bath of alcohol (or acetone) 
and dry ice. 
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Fractions 1 and 3 were combined and refractionated to yield Fraction 4, 
containing 21,800 units of specific activity 25.0. 

Fractions 2 and 4 were combined; the solution was dialyzed overnight 
against 0.1 m phosphate buffer, pH 7.4, and diluted with an equal volume 

Table I 

Second Ethanol Fractionation 


Fraction No. 

Ethanol added to 
•upematant 

Temperature 

Units in solution of 
PPt. 

Specific activity 


cc. 

•c. 



1 

14 

-1 

69,000 

11.7 

2 

9 

-5 

84,600 

23.4 

3 

9 

-5 

6,480 

6.7 


Table II 


RefractionaHon with Ethanol 


Fraction No. 

Ethanol added to 
supernatant 

Temperature 

Units in solution of 

ppt. 

Specific activity 


cc. 

# C. 



la 

40 

—5 

4,060 

6.9 

2a 

10 

-5 

20,700 

13.2 

3a 

10 

-6 

23,000 

23.3 

4a 

10 

—6 

38,000 

36.8 

5a 

0 

— 15 

6,400 

9.5 


Table III 


RefractionaHon with Ethanol 


Fraction No. 

Ethanol added to 
supernatant 

Temperature 

Units in solution of 
ppt. 

Specific activity 


cc. 

°C. 



lb 

5 

-5 

3,360 

12.4 

2b 

1 

-5 

12,400 

16.4 

3b 

5 

-5 

26,600 

48.0 

4b 

0 

-10 

11,800 

45.5 

5b 

5 

-8 

1,850 

29.0 


of water to give 200 cc. of solution containing 23 mg. of protein per cc. 
This solution was fractionated with ethanol; the results are shown in 
Table II. 

Fractions 2a and 3a were combined, diluted to 60 cc. with 0.02 m phos¬ 
phate buffer, pH 7.4 (protein concentration about 40 mg. per cc.), and frac¬ 
tionated (see Table III). 
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Fractions 4a, 3b, and 4b were combined to give 30 cc. of solution contain¬ 
ing 72,700 units, specific activity 43.0, with 55.5 mg. of protein per cc. 
(Table V). 

Step 4 • Fractional Adsorption on Alumina Gel —30 cc. of solution from 
Step 3 were cooled to 0° and diluted with 119 cc. of ice-cold water. To 
this solution were added slowly, with mechanical stirring, 15 cc. of ice-cold 
2.0 m acetate buffer, pH 4.8. This gives 164 cc. of a clear red solution con¬ 
taining about 10 mg. of protein per cc., pH 5.0. To this solution were 
added 11.0 cc. of a suspension of alumina gel C 7 (after Willstatter), contain¬ 
ing 14.5 mg. of AI 2 O 3 per cc., with mechanical stirring. Stirring was con¬ 
tinued for 10 minutes, while the temperature of the mixture was kept at 0°, 
and the alumina was centrifuged off in the cold room. To the supernatant 
were added a further 11.0 cc. of alumina suspension and the mixture was 
worked up as before. This was repeated three more times. Each alumina 
residue was separately eluted at 0° with 9.0 cc. of 0.1 m phosphate buffer, pH 


Table IV 

Analysis of Eluaies from Alumina Gel (Step 4) 


Eluate No. 

Units 

Specific activity 

1 

3,640 

31.7 

2 

6,250 

58.5 

3 

15,800 

178.0 

4 (Tabic V) 

21,100 

272.0 

5 

2,160 

62.0 

3a 

2,820 

100.0 

4a 

3,920 

171.0 


7.4. Residues 3 and 4 were reeluted with an additional 5.0 cc. of phosphate 
buffer each (eluates 3a and 4a). Analysis of the various eluates gave the 
results presented in Table IV. 

Eluate 4 was a clear, pale yellow, solution; it contained 6 mg. of protein 
per cc. 

Step 5 . Refractionation with Ethanol and Mumina Gel—Eluates 3,3a, and 
4a were combined and refractionated with ethanol. A fraction was ob¬ 
tained containing 12,000 units, specific activity 190. This solution (3.0 
cc.) was brought to pH 4.9 with 0.7 cc. of 2.0 m acetate buffer, pH 4.8, at 0°. 
The clear solution thus obtained, containing 17.0 mg. of protein per cc., was 
fractionated at 0° as before by successive adsorptions on alumina gel. Ad¬ 
ditions of 0.3, 0.3, 0.3, and 0.6 cc. of the alumina suspension were made. 
Each residue was eluted with 2.0 cc. of 0.1 m phosphate buffer, pH 7.4. 
Residue 4 was eluted once more with 1.0 cc. of buffer (eluate 4Ai). The 
following results were obtained. 
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Eluate No. 

Units 

Specific activity 

2A 

1520 

206 

3A 

1920 

275 

4A 

3200 

402 

4Ai 

468 

l 

287 


Fractions of specific activity between 200 and 300 (i.e., eluates 4, 2A, 3A, 
and 4Ai) were combined and refractionated with alumina gel. The best 
fraction thus obtained contained 8640 units, specific activity 450 (Table 
V). This was a clear, very faintly yellowish solution containing 4.8 mg. of 
protein per cc. 


Table V 


Purification of Pigeon Liver Enzyme 


300 gm. of acetone powder. 


Step 


Aqueous extract* 

1st ethanol fractionation 
Refractionation with ethanol 
Elution from alumina gel 
Refractionation with ell nol and 
alumina gel 


| Voi- 
ume of 
solu¬ 
tion 

Units 

Protein 

Specific 

activity 

Yield 

Over¬ 
all re¬ 
covery 
in step 

j cc. 

1 


mg. 

untts 
per mg . 
protein 

per 

cent 

per 

cent 

2470 

276,500 

64,500 

4 

100 i 

'■ 

i 194 

155,000 

11,600 

13 

56 

90-100 

30 

72,700 

1,690 

43 

26 

90-100 

13 

21,000 

77.5 

272 J 

7.6,80 

4 

8,640 

i 

19.2 

450 1 

3.2 

80 

__ 


* Small aliquot dialyzed for tests. 


Table V summarizes the pertinent data on the various purification steps. 
The last column gives the over-all recovery of enzyme for individual 
steps, obtained by adding up the yields from all the fractions in each. 
The high recoveries indicate that, in spite of extensive fractionation, 
little or no activity is being lost, as would most probably have been the case 
if more than one enzyme were involved in the catalysis of Reaction 1. 

The enzyme is relatively stable, especially in the presence of phosphate. 
Solutions in 0.1 m phosphate buffer, pH 7.4, lose activity only very gradu¬ 
ally if kept at 0°. Fractions of specific activity between 15 and 50 have 
been dialyzed against 0.1 m phosphate buffer, pH 7.4, for periods over 2 
weeks, with little or no loss of activity. 

While it is not yet possible to estimate the degree of purity attained, some 
of the enzymes present in large amounts in the pigeon liver extracts, such 
as malic and isocitric dehydrogenase, are almost completely removed by 






OCHOA, A. fit. MEHLER, AND A. KORNBERG 


985 


the purification procedure described. Fumarase is completely removed 
early in the purification (1). Removal of lactic dehydrogenase, oil the 
other hand, is as yet incomplete. These facts are illustrated in Table VI 
which shows the specific activities of several enzymes at various stages of 
purification of the pigeon liver enzyme. The activity of this enzyme as 
determined spectrophotometrically catalysis of Reaction 1) is re¬ 
ferred to as “malic” enzyme activity and given in Column 2 of Table VI. 

“ Table VI 

Activity of Various Enzymes at Different Purification Stages of Pigeon Liver Enzyme 


Specific activity Ratios 




Oxalacetic 



Iso¬ 

citric 

dehy* 

i 





“Mai- 

carboxylase 

Lactic 

Malic 

j 




Fraction 

ic” 

dehy- 

dehy- 

O 0 (TPN) : 

L 

M 

I 


zyme 

(E) 

With¬ 

out 

TPN 

With 

TPN* 

nase 

(« 

genase 

CM) 

dro- 

genase 

(I) 

E E 

E 

E 

E 

► (1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(»> (») 

(10) 

(11) 

(12) 

Aqueous extractf 

5.2 

5.7 


81 

119 

21 

1.1 

15.6 

22.8 

4.0 

1st ethanol frac- 

13.1 

9.7 


71 



0.74 

5.4 



tionation 

Ethanol fraction 

21.0 

11.7 

24.9 


i 

; j 

0.59 1.18 


i 

1 ; 

i 

“ refrac- 

35.3 

15.3 

37.3 




0.43 1.06 : 

i 

1 1 
; ! 

I 

tionated I 

ti ti 

46.5 

23.2i 

49.4 1 

k 


! 

i 

0.50 .1.06 

1 

1 ' 

i 

i 

! 

Alumina eluate I 

56.0 

43.2 

! 

128 



0.77\ 

2.3 

| 


it 11 

220.0 

93.0,218 

1 



0.42 1.00 




(( tt 

274.0 224.0 


196 

196 

27 

0.82| 

0.72 

0.72 


Ethanol and alumi¬ 

350.0 243 


415 

83* 

14 

0.70! 

1.2 

0.240.04 

na refractionated ! 




i 



1 





*0.135 micromole. 

t Data for *'‘malic * 9 enzyme, average of five estimations on different (dialyzed) 
extracts. Data for oxalacetic carboxylase and lactic dehydrogenase, average of 
three estimations; for isocitric dehydrogenase, of two estimations. 

t May be apparent malic dehydrogenase activity since pyruvate, formed by de¬ 
carboxylation of the oxalacetate used as substrate in this test, will oxidize DPNr»d. 
owing to the presence of lactic dehydrogenase. 

Tests and units of the other enzyme activities were as described in the pre¬ 
ceding paper (2). Lactic and malic dehydrogenase activities were deter¬ 
mined with reduced DPN, isocitric dehydrogenase activity with oxidized 
TPN. Columns 8 to 12 of Table VI give the ratios of the activity of each 
of the enzymes tested to “malic” enzyme activity. 

Of special interest is the behavior of the oxalacetic carboxylase activity 
which, as first demonstrated by Evans et at. (5), is exhibited by pigeon liver 
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extracts. It will be observed, on inspection of Column 3 (Table VI), that 
the specific oxalacetic carboxylase activity is markedly increased on purifi¬ 
cation of the pigeon liver enzyme. 

Vennesland, Evans, and Altman (6) made the remarkable observation 
that the rate of decarboxylation of oxalacetate by pigeon liver preparations 
is greatly stimulated by TPN, while DPN is inactive. 2 This observation 
has been fully confirmed in our laboratory. We have also observed that the 
effect of TPNox. disappears after a short heating period at 100° in the pres¬ 
ence of dilute alkali, while that of TPN re d. is retained. It is also of interest 
that the rate of decarboxylation of oxalacetate by the purified carboxylase 
of Micrococcus lysodeikticus previously described (2) is not affected by TPN. 

It may be observed by comparison of Columns 2, 3, and 4 of Table VI 
that, when the test for oxalacetic carboxylase is carried out in the presence of 
TPN, its specific activity increases on purification exactly to the same ex¬ 
tent as does the “malic” enzyme activity. Column 9 (Table VI) shows 
that, under these conditions, the ratio of specific activities of oxalacetic 
carboxylase to “malic” enzyme remains constant over a 40-fold increase in 
purity. Unfortunately, we do not yet have oxalacetic carboxylase tests in 
the presence of TPN for fractions of specific activity higher than 220, but, 
from the increase in carboxylase activity produced by TPN on the various 
fractions investigated, a constant ratio of carboxylase to “malic” enzyme 
may be expected over the approximately 100-fold purification of the pigeon 
liver enzyme so far accomplished. 

The above results strongly suggest that the same enzyme is responsible 
for catalysis of Reactions 1 and 2. Final decision on this point must, of 
course, await further purification. 

Properties of Enzyme System 

Formation of Pyruvate —The formation of pyruvic acid from Z-malic acid 
according to Reaction 1 has been demonstrated by means of lactic dehy¬ 
drogenase. In the presence of lactic dehydrogenase and reduced DPN, 
pyruvic acid reacts according to Equation 6. 

(6) Pyruvate + DPNred. <=* lactate + DPN 0 *. 

Since the equilibrium of Reaction 6 is very far to the right (K = (pyru¬ 
vate) (DPNred.)/(lactate) (DPN 0X .) = 6 X 10“ 6 , at pH 7.4 and 22° (7)), 
on addition of crystalline lactic dehydrogenase to a mixture of pyruvate and 
DPNred., in which the latter is present in excess, practically all of the pyru¬ 
vate is reduced to lactate, while an equivalent amount of DPNred. is oxidized 
with a corresponding decrease in the absorption of light at 340 mp. The 

* We are indebted to Dr. E. A. Evans, Jr., and Dr. Birgit Vennesland for an early 
personal communication of this observation. 
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specificity of lactic dehydrogenase (8) makes this a rapid, sensitive, and spe¬ 
cific method for the determination of pyruvate. 

A typical experiment was carried out as follows: 1.34 micromoles of 
i-malate, 1.0 micromole of MnCh, pigeon liver enzyme (specific activity 100) 
with 0.5 mg. of protein, and glyeylglycine buffer, pH 7.4, final concentration 
0.025 m, were mixed at time zero with 0.74 micromole of TPN 0 *. in a quartz 
cell (d = 0.5 cm.). Final volume 2.0 cc.; temperature, 22°. After 8 min¬ 
utes, when the reaction markedly slowed down, the increase in optical 
density (A log T 0 /I) at 340 mp was +0.573, corresponding to the formation 
of 0.41 micromole of TPN ret i .* At this time, 1:8 cc. of the reaction mixture 
were deproteinized with trichloroacetic acid, centrifuged, and a 0.5 cc. aliquot 
of the neutralized clear supernatant was mixed with 0.2 micromole of 
DPNred. and crystalline lactic dehydrogenase in 0.025 m glyeylglycine 
buffer, pH 7.4. Final volume, 3 cc.; d = 1.0 cm. The amount of DPN re ci. 
oxidized (A log / 0 /7 = —0.156) was 0.083 micromole, which, on multiplica¬ 
tion by the dilution factor (5.32), gives 0.44 micromole of pyruvic acid in 
the original 2.0 cc. sample. 

Components —It has already been reported (1) that fumarate cannot be 
substituted for Z-malate nor DPN for TPN ((1), Fig. 1, Curve 2). The 
same is true of d-malate. Phospho(enol)pyruvate cannot replace pyru¬ 
vate. Further proof of the early removal of fumarase on purification of the 
pigeon liver enzyme is given in Fig. 1. Owing to the presence of fumarase 
in the pigeon liver extracts and some ammonium sulfate fractions thereof, 
they catalyze Reaction 1 equally well with either J-malate or fumarate as 
substrate. However, after ethanol and alumina fractionation, even frac¬ 
tions of low specific activity give almost no reaction with fumarate unless 
fumarase is added (Fig. 1, Curve 1). 

Neither inorganic phosphate nor ATP participates in Reaction 1. In 
order to remove inorganic phosphate as far as possible, fractions of pigeon 
liver enzyme were repeatedly precipitated with ammonium sulfate from 
aqueous solution. With such fractions, a reaction mixture containing less 
than ICh 6 m phosphate gave rates of reduction of TPN 0X . by malate that 
were not affected by addition of inorganic phosphate. Similarly, addition 
of ATP was without effect. 

The need for manganous ions is illustrated in Fig. 1 (Curves 2 and 3); the 
rate of reaction is markedly slowed down in the absence of added Mu**. 

The pigeon liver enzyme cannot be replaced by a mixture of malic dehy¬ 
drogenase (10) and oxalacetic carboxylase of Micrococcus lysodeikticus (2), 
whether with DPN or TPN. This is illustrated in Fig. 1 (Curve 4). The 
small increase in optical density following addition of DPNo*. (Curve 4, 

* The molecular absorption coefficient of TPNred. at 340 m/* (p * lp (h/l)/c X d) 
was taken as 1.3 X 10 7 (sq. cm. per mole) (9). 
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Fig. 1. Spectrophotometric tests with the liver enzyme. 0.025 M glycylglycine 
buffer, pH 7.4, with other additions as indicated. Final volume 3.0 cc.; temperature, 
22-23°. Quartz cells; d * 1.0 cm. The blank cells contained no TPN. Curve 1, 
0.135 micromole of TPN„ X ., 1.0 micromole of MnCU, liver enzyme (specific activity 
75) with 400 7 of protein and, at time zero, 0.448 micromole of fumarate; at Arrow 
a 0.01 cc. of fumarase (15) added. Curve 2 , 0.135 micromole of TPN 0 x., 1.0 micro¬ 
mole of MnCU, liver enzyme (specific activity 100 ) with 156 7 of protein and, at time 
zero, 0.149 micromole of J-malate. Curve 3 , same as Curve 2 but without MnCU. 
Curve 4, 1 micromole of MnGU, 0,3 mg. of oxalacetic carboxylase (60 units) from 
Micrococcus lysodeikticus (specific activity 200), 4.5 micromoles of J-malate and, at 
time zero, 0.135 micromole of TPN 0X .; at Arrow 5 , addition of purified malic dehy¬ 
drogenase (1280 units); at Arrow c, addition of 0.210 micromole of DPN<*.; at Arrow 
d, addition of liver enzyme (specific activity 168) with 44 7 of protein (containing 7.5 
units of oxalacetic carboxylase activity). 


Arrow c ) corresponds to the establishment of the equilibrium of the malate- 
oxalacetate system, catalyzed by malic dehydrogenase (Reaction 7), which 
lies very far in the direction of oxalacetate reduction. 

Oxalacetate -f DPNr*i. v± Z-malate -f DPN« 


(7) 
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The striking contrast with the action of the pigeon liver enzyme is shown 
by the effect of the addition of 7.5 units of this enzyme at Arrow d (Fig. 1, 
Curve 4). Negative results were also obtained, under similar conditions, 
with DPN W d., pyruvate, and C0 2 as initial reactants, whether in the ab¬ 
sence or presence of ATP. 

Reversibility —Proof of the reversibility of Reaction 1 has already been 
presented (1). The experiments were carried out by reducing TPN 0 *. with 
malate in the presence of the enzyme (specific activity 168), following which 
the TPN re d. formed was oxidized on addition of pyruvate and a solution of 
sodium bicarbonate saturated with C0 2 . As already pointed out (1), the 
presence of lactic dehydrogenase interferes by catalyzing the oxidation of 
TPNred. by pyruvic acid (2). It is for this reason that the pigeon liver 
enzyme had to be largely freed from lactic dehydrogenase by purification 
before an unequivocal demonstration of the reversibility of Reaction 1 was 
possible. 

4 Fig. 2 illustrates an experiment carried out with the purest fraction so far 
obtained (specific activity 450). Curve 1 shows the spectrophotometric 
course of the forward reaction with an amount of enzyme containing 14.5 y 
of protein in 3.0 cc. of reaction mixture; i.e., less than 5 y per cc. Curves 
2 and 3 show the course of the reverse reaction with twice as much enzyme. 
For the latter experiments TPNred. was separately prepared by enzymatic 
reduction, as previously described (2), and was present in the reaction mix¬ 
ture from the beginning. It will be observed (Fig. 2T, Curve 2) that, since 
some lactic dehydrogenase is still present, addition of pyruvate at time zero 
causes a slow oxidation of TPN re d.. However, the rate of oxidation thus 
obtained contrasts sharply with the very rapid rate that sets in on the fur¬ 
ther addition (at Arrow a) of NaHC0 3 -C0 2 , or with that obtained, on addi¬ 
tion of pyruvate, when the NaHC0rC0 2 solution was already present in 
the reaction mixture (Curve 3). 

As already shown (1), the equilibrium of Reaction 1 must lie very far to 
the right, because if /-malate is present in excess with relation to TPNox., 
practically all of the latter is reduced ((1), Fig. 1, Curve 1), while if, on the 
other hand, TPN<«. is present in excess with relation to /-malate, practically 
all of the malate reacts to form pyruvate and C0 2 ((I), Fig. 1, Curve 3). 4 
The equilibrium constant, of Reaction 1 cannot be determined until the 
enzyme is completely freed from lactic dehydrogenase. 

Decarboxylation of Oxalacetete —The oxalacetic carboxylase activity of the 
purest pigeon liver enzyme preparation (specific activity 450) is shown in 
Fig. 3 (Curves 2 and 3). Curves 4 and 5, obtained with a preparation of 

4 In the legend to Fig. 1 of the paper quoted (I), the amounts of various com¬ 
ponents of reaction mixtures are erroneously expressed in millimoles (mu); the 
amounts should be in micromoles. 
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lower specific activity, illustrate the effect of manganous ions on this reac¬ 
tion. 



MINUTES 

Fig. 2. Spectrophotometric tests with the liver enzyme; reversibility of Reaction 
1. 0.025 m glycylglycine buffer, pH 7.4, and 1.0 micromole of MnCl 2 with other 
additions as indicated. Final volume 3.0 cc.; temperature, 22°. Quartz cells; 
d = 1.0 cm. The blank cells contained no TPN. Curve 1,0.135 micromole of TPN 0X ., 
liver enzyme (specific activity 450) with 14.5 y of protein and, at time zero, 0.448 
micromole of J-malate. Curves 2 and 3, 0.106 micromole of TPN re d., liver enzyme 
(specific activity 450) with 29 y of protein, and, at time zero, 12.0 micromoles of 
pyruvate. Curve 2,0.30 cc. of 0.1 m NaHCOa (saturated with CO 2 at room tempera¬ 
ture) added at Arrow a; optical density readings corrected for dilution. Curve 3, 
0.30 cc. of 0.1 M NaHCOj saturated with C0 2 was present from the beginning. The 
solutions used for these experiments were freshly prepared with C0 2 -free water. 

Dimutation between GlucoseS-phosphate and Pyruvate + COr- Although, 
as stated above, the equilibrium of Reaction 1 lies very far in the direction 
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of decarboxylation, it can be shifted in the opposite direction by coupling 
with the glucose-6-phosphate dehydrogenase system, when Reaction 5 



0 5 10 15 20 25 

MINUTES 


Fig. 3. Oxalacetic carboxylase activity of liver enzyme. 0.1 m acetate buffer, 
pH 5.2, and 19 micromoles (425 c.mm.) of oxalacetate with other additions as indi¬ 
cated. Final volume 2.0 cc. Gas, air; temperature, 25°. The reaction was started 
by tipping in oxalacetate (0.5 cc. of a freshly prepared solution containing 5.0 mg. 
per cc., pH 5.2) from the side bulbs of Warburg vessels after temperature equilibra¬ 
tion. Curve 1, 1 micromole of MnCl 2 . Curve 2, 1 micromole of MnClj and liver 
enzyme (specific activity 450) with 230 y of protein. Curve 3,1 micromole of MnCl s 
and liver enzyme (specific activity 450) with 460 y of protein. Curve 4, liver enzyme 
(specific activity 150) with 2.34 mg. of protein; no MnCl*. Curve 5, same as Curve 
4 but with 1 micromole of MnCls. 

occurs. Under these conditions Z-malie acid, which is formed in small 
amounts from pyruvic acid and CO*, can be determined and identified by 
enzymatic methods. 
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Malic acid was determined with the pigeon liver enzyme, either by spec- 
trophotometric measurement of the amount of TPN reduced or by deter¬ 
mining the amount of CO 2 evolved by the dismutation between malate and 
pyruvate (2). When pyruvate is present in large amounts, as is the case in 
the experiments to be described below, the direct spectrophotometric 
method gives values too low, mainly because of interference by the lactic 
dehydrogenase, which contaminates the pigeon liver enzyme. In this case 
the manometric method, which requires the presence of pyruvate, is more 
satisfactory. Pigeon liver enzyme of specific activity above 150 is of suffi¬ 
cient purity for the specific determination of Z-malie acid under our experi¬ 
mental conditions. 

Two experiments on hexose phosphate dismutation were carried out. 
The composition of the reaction mixtures is shown in Table VII. 


Table VII 

Composition of Reaction Mixtures in Experiments on Dismutation between Glucose- 
6-phosphate and Pyruvate Plus COt 


Glucose-6-phosphate (sodium salt), micromoles . 

Glucose-6-phosphate dehydrogenase ( Zwischenferment ), 

mg .... 

TPN, micromoles . 

Sodium pyruvate, micromoles . 

MnCls, micromoles . 

Pigeon liver enzyme (specific activity 168), mg. protein . 

Sodium bicarbonate, micromoles . 

Gas... 

Final volume made up with water to. 


Experiment 1 

Experiment 2 

275 

1100 

12.5 

50.0 

0.7 

2.8 

275 

1100 

5 

20 

0.88 

3.5 

400 

800 


80% Ni-20% COi 


10.0 cc. 26.0 cc. 


Pigeon liver enzyme was added last. The pH of the above reaction mix¬ 
tures, after equilibration with N 2 -CO 2 , was about 7.0. The samples were 
incubated at room temperature (22°) for 2 hours with occasional shaking. 
Samples for analysis (2.0 cc. each) were taken as follows: Experiment 1, at 
zero time just before addition of the liver enzyme, and after 1 and 2 hours of 
incubation; Experiment 2, after 2 hours of incubation. The remaining 24 
cc. (Experiment 2) were used for isolation of malic acid as outlined below. 
Immediately after withdrawal, the samples taken for analysis were placed 
in a boiling water bath for 3 minutes, cooled, and centrifuged. The clear 
supernatants were used for determination of malic acid. 

An approximate spectrophotometric determination of Z*malate in the 
samples from Experiment 1 was carried out on 0.1 cc. aliquots of the super¬ 
natants, pigeon liver enzyme of specific activity 168, with 88 y of protein, 
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and 0.135 micromole of TPNox. being used in each case. From the amount of 
TPN»d. present when the reaction came to a standstill, it was calculated 
that the following amounts of Z-malate were present in 10 cc. of reaction 
mixture: at time zero, 0.31 micromole; after 1 hour, 3.05 micromoles; after 
2 hours, 5.0 micromoles. The results of the manometric estimations are 
shown in Table VIII. By this method, 8 micromoles of Z-malate were found 

Table VIII 

Manometric Determination of l-Malate Formed by Reaction 6 
Determination based on the measurement of the COt evolution oaused by the 
reaotion, Z-malate + pyruvate —» pyruvate + COj + lactate, catalysed by purified 
pigeon liver ensyme and lactic dehydrogenase in the presence of TPN and Mn ++ . 
0.08 m acetate buffer, pH 5.2, 5 micromoles of MnCli, 55 micromoles of pyruvate, 
0.135 micromole of TPN, pigeon liver enzyme (free of fumarase, specific activity 168) 
with 440 y of protein, and an excess of crystalline lactio dehydrogenase. Other 
additions as indicated. Final volume 2.5 cc. Gas, air; temperature, 38°. The 
reaction was started by tipping in pigeon liver enzyme from the side bulbs of War- 
turg vessels after temperature equilibration. 



CO* evolution, c.mm. 

Time 

Blank 

2.23 micro¬ 
moles 
/-malate 

3.72 micro¬ 
moles 
/-malate 

11.2 micro¬ 
moles 
/-malate 

Experiment 
1.1.5 cc. 
supernatant 
before in¬ 
cubation 

Experiment 
1. 1.5 cc. 
supernatant 
after 2 hrs. 
incubation 

Experiment 
2. 1.5 cc. 
supernatant 
after 2 hrs. 
incubation 

min. 








10 




41 

0 

27 

37 

15 

3 

48 

51 




K 

20 




53 

0 

34 

54 

00* 

6 

55 

86 

242 

0 

34 

61 

COj (corrected for 

49 

80 

236 


28 

55 

blank), c.mm, 
Z-Malate found, 

1.97 

3.57 

10.5 

0 

1.25 

2.46 

micromoles 

Total Z-malate 





8.35 

42.6 

formed, micromoles 








* 30 to 150 minutes, depending on the amount of malate present. 


in 10 cc. of reaction mixture in Experiment 1, and 42 micromoles of Z-malate 
in 26 cc. of reaction mixture in Experiment 2, both after 2 hours of incuba¬ 
tion. This corresponds to about 3 and 4 per cent respectively of the pyru¬ 
vate added. It will be observed that the amounts of Z-malate formed in 
each case are well in excess of the amount of TPN present, as required by 
Reaction 5. 

For identification of the malic acid, the remaining 24 cc. of reaction mix- 
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ture from Experiment 2 were worked up as follows: The solution was 
cooled in ice, 5.0 cc. of ice-cold 10 per cent sodium bisulfite were added (to 
bind the pyruvate), and, after 5 minutes, the mixture was deproteinized 
with 8.0 cc. of ice-cold 15 per cent metaphosphoric acid. The protein pre¬ 
cipitate was removed by centrifugation and the supernatant was extracted 
with ether continuously for 72 hours (11). The residue obtained after 
evaporation of the ether was dissolved in a little water, the solution was 
brought to pH 5.0 with ammonium hydroxide, precipitated with neutral 
lead acetate, and the lead precipitate was extracted with dilute nitric acid. 
The lead salt, obtained by bringing the pH of the nitric acid solution to 6.5 
with dilute ammonium hydroxide, was redissolved in dilute nitric acid and 
reprecipitated at pH 6.5 as before. This was repeated once more. Finally 
the lead salt was suspended in a little water and decomposed with hydrogen 
sulfide. The solution was brought to pH 7.4 with dilute sodium hydroxide 
and made up with water to 3.5 cc. (Solution 1). 

As a control, a 6.0 mg. sample (45 micromoles) of authentic Z-malic acid 
was dissolved in water, precipitated with lead acetate at pH 5.0, and the 
precipitate was extracted with acid followed by fractionation of the lead 
salts as above. The final solution of free acid was brought to pH 7.4 and 
made up with water to 3.5 cc. (Solution 2). 

Fig. 4 illustrates the results of the enzymatic experiments carried out 
with the above solutions. Curves 1, 2, and 3 show the presence of Z-malic 
acid. Curve 4 is a control of the enzymatic determination of pyruvate 
with lactic dehydrogenase. Curve 5 shows that Solution 1 (0.04 cc. added 
at Arrow b) contained no pyruvate. Curve 6 shows that pyruvate was 
formed on incubation of an aliquot of Solution 1 with pigeon liver enzyme, 
Mn*^, and TPN 0X .. This was done as follows: After completion of the re¬ 
action shown in Curve 3 (indicating the presence of 0.105 micromole of 
Z-malic acid in 0.1 cc. of Solution 1) the reaction mixture (3.0 cc.) was acidi¬ 
fied with 0.1 cc. of 2.0 N HC1 and heated at 100° for 3 minutes; TPNred. is 
thus destroyed. After cooling, the mixture was brought back to pH 7.4 with 
0.1 cc. of 2.0 n NaOH and centrifuged. 2.0 cc. of the clear supernatant, 
which should contain 0.105 X 2/3.2, or 0.066 micromole, of pyruvic acid, 
was mixed with an excess of DPN re d. and crystalline lactic dehydrogenase. 
Curve 6 (Fig. 4) shows that 0.069 micromole of pyruvic acid was found. 

According to the data of Fig. 4, 3.5 cc. of Solution 1, equivalent to 24 cc. 
of the reaction mixture of Experiment 2, contained 3.7 micromoles of 
Z-malic acid or 4.0 micromoles for 26 cc. of reaction mixture. Since direct 
manometric determination gave 42.6 micromoles (Table VIII), the recovery 
(about 9.5 per cent) was very low. It should be observed, however, that 
the fractionation procedure, the main object of which was the complete re¬ 
moval of pyruvate, led to low recovery of the acid in the control with an 
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Fig. 4. Enzymatic identification of J-malic acid formed by dismutation between 
glucose-6-phosphate and pyruvate -f C0 2 . 0.025 m glycylglycine buffer, pH 7.4, 
with other additions as indicated. Final volume, 3.0 ec.; temperature, 22°. Quartz 
cells; d ** 1.0 cm. Thfi blank cells contained no pyridine nucleotide. Malic acid 
estimations (Curves 1, 2, and 3), 1.0 micromole of MnCla, either 0.135 (Curves 1 
and 2) or 0.203 (Curve 3) micromole of TPN ox ., and at time zero, liver enzyme 
(specific activity 168) with 132 7 of protein. Curve 1, 0.02 cc, of Solution 2 (see the 
text); Curve 2, 0.04 cc. of Solution 1; Curve 3, 0.1 cc. of Solution 1. Pyruvic acid 
estimations (Curves 4, 5, and 6), varying amounts of DPN M d. and, at time zero, 
crystalline lactic dehydrogenase. Curve 4, 0.045 micromole of pyruvate added at 
Arrow a. Curve 5,0.04 cc. of Solution 1 added at Arrow b; excess of pyruvate added 
at Arrow c. (The failure of the optical density to drop to zero is due to the presence 
of traces of hydrosulfite in the preparation of DPNred..) Curve 6, 2 cc. of filtrate 
from the experiment reproduced in Curve 3, present from the beginning; crystalline 
lactic dehydrogenase added at Arrow d. The amounts of l-m&lic acid or pyruvic 
acid found are given for each curve. 

authentic sample of Z-malic acid. Fig. 4 shows that 3.5 cc. of Solution 2 
contained 8 micromoles of malic acid. Since 45 micromoles were fraction- 
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ated, the recovery was only 18 per cent. The control involved only frac¬ 
tionation of the lead salts without deproteinization and ether extraction. 

DISCUSSION 

It would appear that the reversible oxidative decarboxylation of malic 
acid is catalyzed cither by a single enzyme or by enzymes which arc so closely 
associated as to form a functional unit. There is some support for this in 
the data presented in the last column of Table V. 

Reaction 1 is probably the over-all result of the individual React ions 8 
and 9. The fact that apparently the same enzyme is able to catalyze 
Reactions 1 and 9 would seem to support such a view. 

(8) i-Malato + pyridine nucleotide ox . ^ oxalacetate -f pyridine nucleotidorcd. 

(9) Oxalacetate pyruvate + CO* 

However, we have no evidence that Reaction 8 is catalyzed by the liver 
enzyme, and attempts to obtain, in its presence, a reduction of oxalacetate 
by TPN r e,i. have so far been unsuccessful. One might, of course, think 
that, while the enzyme is able to decarboxylate synthetic oxalacetate, the 
real intermediate might be a form of oxalacetate which differs in some re¬ 
spect from the one obtained by synthesis. The fact that the enzyme is 
fully active in the absence of inorganic phosphate and ATP would seem to 
exclude phosphorylated intermediates, although the third phosphate in 
TPN might be involved in some as yet unknown manner. The specific; 
stimulation by TPN of the decarboxylation of oxalacetate by the pigeon 
liver enzyme, which is not shared by the oxalacetic carboxylase of Micro¬ 
coccus lysodeikticus , might be significant in this connection. Such an effect 
of TPN adds some support to the idea that both the over-all reaction and 
the decarboxylation of oxalacetate are catalyzed by one and the same 
enzyme or functional enzyme unit. 

It is easy to visualize the failure of a mixture of malic dehydrogenase and 
oxalacetic carboxylase, each catalyzing Reactions 8 and 9 respectively, 
to catalyze the over-all reaction. Since the equilibrium of Reaction 8 is 
known to be far to the left, while that of Reaction 9 is far to the right, each 
would give rise from either side to minimum amounts of oxalacetate which 
would reach the surface of the other enzyme at too low a concentration to 
react at a significant rate. However, with a single enzyme involved, one 
could conceive that the intermediary oxalacetate might reach a sufficiently 
high local concentration to be metabolized in either direction right on the 
surface of the enzyme where it was produced. 

While it is clear that the pigeon liver enzyme is responsible for the large 
fixation of C0 2 in fumarate and malate observed by Evans et al. (5) and by 
Wood et al. (12), its relation to the fixation of CO 2 in oxalacetate, occurring 
only in the presence of ATP (13, 6), is a matter for conjecture, TPN can- 
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not be substituted for ATP for such a fixation 6 (6). Thus, there might be 
a mechanism for fixation of (X) 2 by pyruvate other than that involving the 
“malic” enzyme. Since the experiments on fixation of C0 2 in oxalacetate 
have so far been performed only with crude, or slightly purified, pigeon 
liver preparations, it would be desirable to carry out such experiments with 
purified oxalacetic carboxylase from Mictococcus lysodeikticus , which does 
not catalyze Reaction 1, and with highly purified preparations of the 
pigeon liver enzyme. * 

There seems to be some relationship of biotin to the liver enzyme (14); 
the nature of this relationship, however, is still obscure. 

It may be significant that two systems of C0 2 fixation involving p car- 
boxylation of an a-keto acid, namely the isocitric and malic systems, both 
depend on TPN-specific enzjunes for activity. 

Methods 

* Crystalline lactic dehydrogenase and malic dehydrogenase were prepared 
according to Straub (8, 10). Fumarase was purified from ox heart by the 
method of Laki and Laki (15) but it was not crystallized. The glucose-6- 
phosphate dehydrogenase ( Zinschenfermcnt) was kindly supplied by Dr. 
Envin Haas. 

The preparations of DPN and TPN were the same used in previous work 
(2, 3). The TPN preparation (purity, 54.6 per cent)* which was free from 
inorganic phosphate, contained little or no adenosine polyphosphate 
(ADP, ATP) as shown by a sensitive spectrophotometric test. This test 
is based on the following reactions: 

(10) Phosphopyruvate *f ADP *=± pyruvate 4- ATP 

(11) ATP -f H 2 0 —► ADP -f orthophosphate 

The enzyme catalyzing Reaction 10 has been isolated by Kubowitz and 
Ott (16); Reaction 11 is catalyzed by adenosinetriphosphatase. The net 
result is Reaction 12. 

(12) Phosphopyruvate -f II*0 ~-+ pyruvate + orthophosphate 

Reaction 12 requires the presence of catalytic amounts of ADP or ATP, 
but is not affected by DPN or TPN. The rate of this reaction is, within 
certain limits, a function of the concentration of adenosine polyphosphate. 
The rate of formation of pyruvate is determined, in the presence of DPNred. 
and lactic dehydrogenase, by spectrophotometric measurement of the rate 
of oxidation of DPN re u. (Reaction 6). The results of these tests are illus¬ 
trated in Fig. 5. An ammonium sulfate fraction from rabbit muscle extract, 
kindly supplied by Dr. E. Packer, contained the necessary enzymes, includ¬ 
ing lactic dehydrogenase. 

* Utter, M. F., and Wood, H. G., personal communication. 
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The preparation of TPNVed. has already been described (2). Phos- 
phopyruvate was kindly supplied by Dr. Gerhardt Schmidt. Z-Malic and 
fumaric acids were obtained commercially. d-Malic acid was prepared 



Fig. 5. Enzymatic test for ATP. 0.025 m glycylglycine buffer, pH 7.4, and vary¬ 
ing amounts of DPN r «d. with other additions as indicated. Final volume 3.0 cc.; 
temperature, 22°. Quartz cells; d =* 1.0 cm. The blank cells contained no DPN. 
Curve 1, crystalline lactic dehydrogenase and, at time zero, 2.7 micromoles of phos¬ 
phopyruvate; at Arrow a, addition of 0.135 micromole of ATP. Curve 2, (NH 4 ) 2 S0 4 
fraction from rabbit muscle extract (see the text) and, at time zero 1.35 micromoles 
of phosphopyruvate; at Arrow b, addition of 0.135 micromole of ATP. Curve 3, 
muscle fraction and, at time zero, 1.35 micromoles of phosphopyruvate; at Arrow c, 
addition of 0.0675 micromole of TPN 0 *.; at Arrow d, addition of 0.0135 micromole of 
ATP. Curve 4, muscle fraction and, at time zero, 1.35 micromole of phosphopyru¬ 
vate; at Arrow e, 0.0675 micromole of TPN 0 *.; at Arrow/, 0.027 micromole of ATP. 

from a commercial sample of <U ~malic acid by resolution with cinchonine 8 
according to Dakin (17). 

• We are greatly indebted to Dr. B. B. Brodie for a generous supply of the alkaloid. 
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Highly specific methods for the determination of pyruvate and /-malate, 
with use of crystalline lactic dehydrogenase and the pigeon liver enzyme 
respectively, have been outlined in a previous section. The spectrophoto- 
metric method for malate gives satisfactory results with enzyme of specific 
activities between 150 and 200, provided that pyruvate is not present in too 
large amounts relative to malate. A 5-fold excess of pyruvate does not 
interfere. If higher relative amounts of pyruvate are present, the mano- 
metric method is preferable. However, the sensitivity of the former 
method is much higher, since about 5 7 of i-malate can be accurately deter¬ 
mined. By using purified fumarase in combination with the pigeon liver 
enzyme, /-malate and fumarate can be determined separately in a mixture 
containing both compounds. 


SUMMARY 

The partial purification and properties of a TPN-specific enzyme from 
pigeon liver, catalyzing the reversible oxidative decarboxylation of i-malate 
to pyruvate and CO 2 , and the decarboxylation of oxalacetate to pyruvate 
and C0 2 are described. The activity of this enzyme is markedly enhanced 
by manganous ions. While the evidence so far obtained suggests that a 
single enzyme, or functional enzyme unit, is involved, final decision on this 
point must await further purification. 

The new enzyme probably plays a major r61e in the fixation of CO 2 by 
pyruvate in the liver. In analogy with the tricarboxylic acid system, the 
equilibrium of the over-all reaction, markedly in favor of decarboxylation, 
can be shifted in the opposite direction through a TPN-linked dismutation 
with the glucose- 6 -phosphate dehydrogenase system. The small amounts 
of /-malic acid formed from pyruvic acid and C0 2 under these conditions 
have been determined and identified by enzymatic methods. 

Our thanks are due to Miss Marian L. Blanchard and Dr. J. B. Veiga 
Salles for help with some of the experiments. We are also indebted to Mr. 
Morton C. Schneider for technical assistance. 
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XXI. FURTHER OXIDATION STUDIES WITH ATISINE AND ISOATISINE 
Br CHARLES F. HUEBNER ani> WALTER A. JACOBS 
{From the Laboratories of The Rockefeller Institute for Medical Research , New York) 

(Received for publication, March 31, 1948) 

The mild oxidation of isoatisine, C'nHuQsN, with permanganate to a 
neutral derivative, C 22 H 33 O 3 N, has been previously described (1). Further 
studies have shown that isoatisine and atisine can be oxidized to a mixture 
of acidic substances by more drastic procedures and the separation of sev¬ 
eral of these acids is reported here. The oxidation presumably passes 
through the neutral lactam stage such as oxoisoatisine, since the acids are 
not amphoteric and have given no indication of the retention of a basic N 
group. 

Isoatisine has given a tricarboxylic acid , C21H in good yield. The 
additional oxygen is assumed to be present in the lactam grouping. The 
acid melts with evolution of approximately 1 m equivalent of CO 2 (within 
15 minutes). Since the acid was stable to heating with rather concen¬ 
trated acid or alkali, decarboxylation of a malonic or acetoacetic acid type 
appeal's excluded. Both the acid and its thorium salt were pyrolyzed under 
a variety of conditions in attempts to obtain a cyclic ketone, the formation 
of which might have been the source of the CO 2 . However, only small 
amounts of a resinous mixture resulted, from which nothing crystalline 
could be obtained. The study of such material was therefore inconclusive, 
although its neutralization equivalent indicated the retention of approxi¬ 
mately two carboxyl groups. 

The trimethyl ester obtained with diazomethane from the acid, C 21 H 29 O 7 N, 
although non-crystalline, was purified by sublimation. It could be saponi¬ 
fied quickly to a crystalline monomethyl ester . The latter proved to be rela¬ 
tively resistant to further saponification. The carboxyl group involved 
appears most probably to be of tertiary character. The monomethyl ester 
when heated above its melting point only very gradually yielded an appre¬ 
ciable amount of CO 2 , and after an hour this amounted to about 0<5 
.m equivalent. This suggests that the tertiary carboxyl group may be 
the source of the CO 2 in the case of the acid itself. 

The tricarboxylic acid when refluxed with aniline yielded a derivative, 
C&H&ObNt, titration of which showed it to be a monocarboxylic acid. The 
compound must therefore be a cyclic N-phenylimide which indicates the 
proximity of the two carboxyl groups involved. On treatment of the 
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phenylimide with diazomethane, the imide ring was opened with the forma¬ 
tion of a dimethyl ester anilide. 

In an attempt to hydrogenate the tricarboxylic acid in methanol which 
contained HC1, hydrogenation did not occur but the substance recovered 
proved to be a dimethyl ester. In the latter, because of its ease of saponifi¬ 
cation to the original tricarboxylic acid, the tertiary carboxyl group could 
not have been involved. The dimethyl ester, however, now appeared 
sufficiently stable on heating to permit of its distillation unchanged. 

The tricarboxylic acid was dehydrogenated with selenium to a mixture of 
phenanthrene hydrocarbons from which 1 , 6 -dimethylphenanthrene was 
separated. If one excludes the unlikely production of a phenanthrene hy¬ 
drocarbon by ring closure of a naphthalene fragment or the rather improb¬ 
able conversion of a carboxyl to a methyl group during the dehydrogenation, 
the production of 1 , 6 -dimethylphenanthrene is of special significance, since 
it has already been shown that l-methyi- 6 -ethylphenanthrene is a dehy¬ 
drogenation product of atisine ( 2 ). This indicates that in the production 
of the acid, C 21 H 29 O 7 N, from isoatisine, the oxidation must have involved 
that portion of the molecule which gave rise to the ethyl group in methyl- 
ethylphenanthrene. 

The probable absence of a double bond in the tricarboxylic acid was indi¬ 
cated by the failure of attempts to hydrogenate it in methanol, in acetic 
acid, or in methanolic HC1. On such a basis, the formulation requires its 
tetracyclic character. Other evidence is against its unsaturated tricyclic 
character. If the latter were the case, the non-basic lactam N atom would 
be restricted to a side chain. But all attempts to hydrolyze the substance 
proved futile. It was recovered unchanged in excellent yield after treat¬ 
ment with 8 n HC1 at 150° for 6 hours, after solution in concentrated H 2 SO 4 
at room temperature for several days, after refluxing in 10 per cent NaOH 
for 6 hours, after fusion with molten alkali at 300°, and after treatment with 
the methyl Grignard reagent under forcing conditions. A simple amide 
linkage would be expected to be opened by such procedures. The observed 
stability of this linkage may be due to its inclusion in the fourth ring of the 
tricarboxylic acid, with a steric arrangement which is very resistant to 
cleavage. 

An effort was made to determine whether the nitrogen was of secondary 
•or of tertiary character. The substance was treated with bromine in meth¬ 
anolic NaOH under the conditions of the Hofmann degradation but was 
recovered unchanged. Similarly unsuccessful were attempts to brominate 
it in neutral or in acid solution. Because of the negative outcome of such 
experiments, the degree of substitution of the lactam nitrogen has not been 
determined. It appears certain, however, that the latter does not bear an 
ethyl group, since the 21 carbon atoms of the substance have been accounted 
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for in the following manner: 16 are present in the 1 , 6 -dimethylphenan- 
threne fragment, 3 in the carboxyl groups, 1 in the lactam group, and 1 in 
the carbon atom lost during the oxidation of isoatisine to the C^HmOtN 
acid. Although the original alkaloid gave about 50 to 60 per cent of the 
required amount in the N-alkyl determination, oxoisoatisine gave about 35 
per cent and the tricarboxylic acid only about 19 per cent of the theoretical 
for N ethyl (determined as NCH 3 ). Isoatisine under the conditions of the 
N-alkyl determination has previously been shown to yield ethyl iodide 
together with small amounts of methyl iodide (1). But the difficulties 
which we have encountered in the N-alkyl determinations with this class of 
substances have made it unsafe to base too much on the results obtained. 
There is a possibility that if atisine and isoatisine do not possess a simple 
N-ethyl group, the tertiary N could be contained in two rings in such a way 
that the source of the ethyl iodide is a two carbon bridge involving the 
N atom. The loss of two carbon fragments has already been indicated by the 
conversion of oxoisoatisine with methanolic HC1 to an apparent C 20 H 29 O 3 N 
derivative and by the production of a C 20 H 2y ON compound from atisine by 
catalytic dehydrogenation under high pressure (1). But the available data 
do not permit a final decision as to whether the so called N-ethyl group is 
involved in these transformations. 

More recently, an apparent loss of a two carbon fragment accompanying 
partial decarboxylation of the tricarboxylic acid has also been noted. By 
treatment of the latter with either thionyl chloride*or bromine and phos¬ 
phorus tribromide followed by decomposition with water, a crystalline 
dicarboxylic acid was produced for which a possible formulation, CuHvOiN, 
has been suggested by the analytical data. 

The tricarboxylic acid does not appear to be a monosubstituted acetic 
acid, ROH 2 COOH, because of the failure to brominate it under the condi¬ 
tions of the Hell-Volhard-Zelinsky method and because of its recovery un¬ 
changed when the Hunsdiecker reaction (3), i.e. the action of bromine on its 
silver salt, was attempted. 

Atisine, when oxidized under the same conditions used for isoatisine, 
yielded a dicarboxylic add , C^H^OaNy in very small yield, together with 
oxalic acid. No oxalic acid was isolated from the oxidation of isoatisine 
described above. The acid which was separated from the oxidation mix¬ 
ture by the counter-current procedure of Craig (4) showed no basic proper¬ 
ties and was therefore of lactam character. It proved to be stable above its 
melting point and could be sublimed unchanged. The saponification of its 
crystalline dimethyl ester to a more resistant monomethyl ester suggests the 
tertiary character of one of the carboxyl groups. The substance absorbed 
hydrogen in acetic acid and, although a crystalline product was obtained, 
its formulation remains uncertain and will be left to a later communication. 
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Like the tricarboxylic acid from isoatisine, this acid, from its formulation and 
ability to react with hydrogen, possibly contains four rings. It did 
notreactwith hydroxylamineandits absorption spectrum did not indicate the 
presence of a carbonyl group. By a more drastic oxidative procedure with 
permanganate, a CwHvfitN tricarboxylic add was also obtained from ati- 
sine. It was isolated in very small yield by the counter-current procedure. 

From the facts at hand it is still premature to attempt to suggest definite 
structures for atisine and isoatisine. However, the data appear to permit 
of certain conclusions. There appears to be present a pentacyclic struc¬ 
ture made up in part of a perhydrophenanthrene nucleus with a methyl 
group attached to position 1. Fused to this is a bicyclic structure con¬ 
taining the tertiary N atom. One point of attachment of this moiety 
to the perhydrophenanthrene nucleus appears to be at position 6; in 
isoatisine the hydroxyl groups and the two double bonds of the original 
alkaloids do not appear to be a part of the perhydrophenanthrene nucleus. 
One of the hydroxyl groups appears to be of a primary character and the 
source of a carboxyl group on oxidation. A ring which is outside of the 
perhydrophenanthrene nucleus and contains a double bond, and perhaps 
one of the hydroxyl groups, appears to be ruptured during the oxidation to 
the tricarboxylic acid. 


EXPERIMENTAL 

Tricarboxylic Add , C 21 H 29 O 7 N, from Isoatisine —5 gm. of isoatisine in 
100 cc. of benzene were rapidly stirred with a solution of 1.25 gm. of NaOH 
in 100 cc. of water and cooled to 10°. At this temperature 15 gm. of pow¬ 
dered KMnCh were added during 3 hours. An additional 5 gm. were 
added and the stirring continued overnight to complete the oxidation. The 
benzene was separated by centrifugation and yielded a negligible amount 
of resinous material. After removal of the Mn02, the aqueous filtrate was 
strongly acidified with HC1. A doughy mass separated which was reduced 
to a powder on chilling and collected. After solution in a minimum of 
hot water and cooling, platelets separated. By concentration two succes¬ 
sive fractions were obtained. The total yield was 2.6 gm. It decom¬ 

posed at 258-261° with gas evolution. 

[a]? * -f9.3° (c * 1.34 in methanol) 

CnH^OtN. Calculated. C 61.88, H 7.18, N 3.44, (N)CH 3 3.68 

Found, (a) " 62.04, 11 7.04, “ 3.45, “ 0.70 

( b ) “ 61.63, “ 7.40, " 3.50 

Neutralization equivalent (3COOH), calculated 135.7, found 139 

176 mg. of the acid were heated in a sublimation apparatus at 300° for 
15 minutes while a slow stream of COrfree air was passed through the 
apparatus into a tower packed with glass beads containing 0.1 N Ba(OH) 8 . 
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Very soon the production of CO* was evident. The temperature was low¬ 
ered to 120° and the air stream was continued for 30 minutes. Titration 
with 0.1 n HC 1 showed that 0.85 equivalent of C0 2 had been produced. 
An attempt was made to sublime the residue at 0.05 mm. from a bath^at 
300° but only 15 mg. of an amber resin were obtained. 

100 mg. of the acid when melted and sublimed as rapidly as possible 
at 320° and 0.05 mm. yielded 35 mg. of a resin, C 62.20, H 7.03. A second 
experiment gave a resin which yielded C 62.93, H 7.50. 

Various methods of fractiSnation yielded nothing crystalline from such 
material. When the resin was dissolved in a large volume of ether and 
concentrated, an amorphous powder separated. Analysis showed C 64.23, 
H 7.51; neutralization equivalent 176. 

Methyl Esters of Tricarboxylic Acid— 0.2 gm. of the C 21 H 29 O 7 N acid dis¬ 
solved in methanol was treated with an excess of diazomethane in ether. 
After removal of the solvent, the resinous residue of the trimethyl ester 
could not be crystallized and was sublimed at 300° and 0.05 mm. 130 mg. 
of a resin were obtained. 

Md ** -+- 9 . 6 ° (c 2.09 in ethanol) 

C 2 JI 36 O 7 N. Calculated. C 64.10, H 7.85, OCH 3 20.71 
Found. “ 64.43, " 7.89, “ 19.61 

187.3 mg. of the trimethyl ester were heated at 100° in a mixture of 5 cc. 
of methanol and 13 cc. of 0.157 n NaOH. 0.5 cc. aliquots were withdrawn 
at intervals and back-titrated with 0.02 n acid.* After 5, 30, and 100 
minutes, the alkali consumed was 1.89, 2.06, and 2.13 equivalents. The 
solution was concentrated to a small volume and acidified. The resinous 
mass which separated crystallized on boiling. After recrystallization from 
water, 62 mg. of rod-shaped crystals of the monomethyl ester of the acid 
were obtained, which melted at 210-215°. 

[«]? « -fl. 8 ° (c * 1.67 in ethanol) 

C 22 H 31 O 7 N. Calculated. C62.67,H7.42,N3.33,OCH s 7.36, (N)CH a 3.56 
Found. “ 62.46, “ 7.48, “ 3.48, “ 7.16 " 0.72 

Neutralization equivalent (2COOH), calculated 210.6, found 222 

220 mg. of the monomethyl ester were heated in the apparatus as de¬ 
scribed above with the tricarboxylic acid itself. The substance melted at 
about 200 °. Since no BaCOa was observed, the temperature was raised 
to 280° in 15 minutes, at which point a slight precipitate of BaC0 3l became 
evident. Heating was continued at this temperature for 60 minutes as the 
BaCOa slowly increased. By titration it was shown that 0.52 m equivalent 
of COa had been produced. The residue, w r hen subjected to a sublimation 
at 280° and 0.05 mm., yielded 70 mg. of a non-crystallizable resin. Found, 
C 64.53, H 8 . 12 . 
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A rapid sublimation was performed by melting 200 mg. of the ester at 
220° and then rapidly raising the temperature to 300° with reduction of 
the pressure to 0.02 mm. 170 mg. of a resin were obtained. Found, C 
63.01, H 7.38. From dilute methanol 80 mg. were obtained crystalline; 
m.p. 200-210°. The melting point of a mixture with the original substance 
was 208-215°. 

CmHuOtN. Calculated, C 62.67, H 7.42; found, C 62.48, H 7.52 

2.1 gm. of the tricarboxylic acid were shaken for 3 days with 0.60 gm. of 
platinum oxide catalyst in 50 cc. of methanol which contained 2 cc. of HC1 
(1.19). The hydrogen absorption did not exceed that required by the 
catalyst. The substance recovered from the mixture proved to be a 
dimethyl ester and crystallized from methanol-water as stout rhombs which 
softened at 235° and melted at 240-245°. 

[a]* = +15.3° (c « 2.02 in ethanol) 

C m H„ 0 7 N. Calculated. C 63.41, H 7.64, OCH, 14.26 
Found. “ 63.55, “ 7.68, “ 13.80 

Neutralization equivalent, calculated, 435.27, found 410 

200 mg. of the dimethyl ester were sublimed at 250° and 0.02 mm. and 
the sublimate was recrystallized from dilute methanol. 130 mg. of starting 
material were recovered which melted at 240-245°. 

209 mg. of the dimethyl ester were heated at 100° with 14 cc. of 0.157 
N NaOH. Samples were withdrawn after 5, 15, and 60 minutes and 
showed the consumption respectively of 2.95, 2.95, and 2.99 equivalents 
of alkali. After acidification of the mixture the tricarboxylic acid was 
recovered and melted with decomposition at 260-261°. 

Aniline Derivatives of Tricarboxylic Acid and Ester —100 mg. of the 
CjjHj.OiN acid were refluxed in 0.5 cc. of freshly distilled aniline for 30 
minutes. Cold dilute HC1 was added to the mixture and the solid material 
was collected. It was decomposed with dilute NaOH and the excess aniline 
was extracted with ether. The alkaline phase was acidified with HC1 and 
the resulting gum was extracted with ethyl acetate. The extract after 
concentration yielded material which partially crystallized from ethanol- 
water. After repeated recrystallization from the same solvent, 30 mg. of 
stout needles were obtained which softened at 293° and melted at 299-302° 
with gas evolution. 

* CjtHuOjNj. Calculated. C 69.79, H 6.95, N 6.03 
Found. “ 69.92, “ 6.98, “ 6.30 
Neutralization equivalent, calculated 464.26, found 476 

20 mg. of the aniline derivative were suspended in 2 cc. of methanol and 
an .excess of diazomethane in ether was added. After an hour at room 
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temperature the solvents were removed and the residue was dissolved in 
ethyl acetate. The solution was shaken with 5 per cent NaOH, dried, and 
evaporated to dryness. The residue yielded from dilute methanol 15 mg. 
of fine needles which melted at 230-235°. After three recrystallizations, 
the melting point was 235-238°. 

C»H sg OiN,. Calculated. C 68.19, H 7.50, N 5.49, OCH, 12.16 
Found. “ 68.32, “ 7.30, “ 5.83, “ 10.98 

Dehydrogenation of Tricarboxylic Acid —A mixture of 2 gm. of the acid 
C 21 H 29 O 7 N and 2.3 gm. of selenium was heated in a tube fitted with an air 
condenser. At 260° vigorous gas evolution accompanied by water con¬ 
densation was noted. The temperature was raised to 320° for 7 hours. 
The ground reaction mass was repeatedly extracted with hot benzene. 
The benzene solution was shaken in turn with 10 per cent HC1 and 5 per 
cent NaOH. The former was made alkaline with NaOH and extracted 
with ether. The latter yielded on concentration 50 mg. of a basic fraction. 
The NaOH extract after acidification with HC1 yielded a negligible amount 
of acidic material. The benzene solution of the neutral fraction is de¬ 
scribed below. 

The crude basic fraction was chromatographed on alumina (Merck) 
from benzene. By elution with benzene a zone which showed blue fluores¬ 
cence under ultraviolet light was obtained. It consisted of 10 mg. of a 
colorless oil with a quinoline-like odor. The picrate^was prepared and, 
after two recrystallizations from ethanol, 5 mg. of small yellow needles 
were obtained which melted at 311-315°. Further study of the substance^^ 
has been deferred because of the amount available. 

CjtHmN-C eHaCbNa. Calculated, O 58.69, IT 5.57; foufid, C 58.75, H 5.74 

The benzene solution of the neutral fraction when concentrated to dry¬ 
ness yielded 0.51 gm. of a brown tar. This was chromatographed on 
alumina from benzene. On elution with benzene a band which fluoresced 
under ultraviolet light emerged and amounted to 0.11 gm. This was 
rechromatographed on alumina from petroleum ether. Elution with 10 
per cent benzene in petroleum ether yielded 50 mg. of a colorless oil which 
crystallized on chilling. After two recrystallizations from ethanol, 20 
mg. of plates were obtained which softened at 90° and melted completely at 
105°. Since it was an obvious mixture, its further fractionation was 
studied. 

A chromatograph on alumina with petroleum ether as solvent was pre¬ 
pared. The column was developed and eluted with 1:10 benzene-petrol¬ 
eum ether. As a broad fluorescing zone emerged, it was divided into two 
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fractions. The first fraction after recrystallization from ethanol melted 
at 86-95°. 


CuHm. Calculated, C 93.15, H 6.85; found, C 93.31, H 6.78 
The second fraction yielded crystals which melted at 95-100°. 

Found, C 93.32, H 6.63 

The picrate of the first fraction was prepared and after two recrystalliza¬ 
tions from ethanol melted at 140-141°. The hydrocarbon was regenerated 



from the picrate by passing its ethanol solution through alumina. After 
recrystallization from ethanol, the hydrocarbon was obtained as plates 
which melted at 84-88°. The ultraviolet absorption spectrum is shown 
in Fig. 1. A sample of 1,0-dime thy lphenanthrene, which was kindly sent 
to us by Professor R. D. Haworth, melted at 88-90°. A mixture of the 
two melted at 86-88°. The picrate of the purified dehydrogenation hydro¬ 
carbon crystallized from ethanol in yellow-orange needles which melted 
at 142-143°. 

Ci#Hi4* C3H1O7N3. Calculated. C 60.66, H 3.93 
Found. “ 60.57, “ 3.81 
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The melting point of a mixture with the picrate prepared from the au¬ 
thentic 1,6-dimethylphenanthrene was 142-143°. The trinitrobenzene 
addition product prepared from the hydrocarbons from both sources crystal¬ 
lized from ethanol in pale yellow needles and melted at 163-164°. No 
depression in melting point was noted with a mixture of the two substances. 

Action of Bromine-Phosphorus Tribromide and of Thionyl Chloride on 
Tricarboxylic Acid —2 gm. of the tricarboxylic acid were mixed with 1 cc. 
of bromine, and 0.6 cc. of phosphorus tribromide was added with stirring. 
After standing overnight at room' temperature, the mixture was heated on 
the steam bath for 1 hour and then boiled with 50 cc. of water. On cool¬ 
ing, a yellow resin formed. This was recrystallized in portions from water 
as described below for the thionyl chloride product. The substance sepa¬ 
rated as small aggregates of microscopic often triangular leaflets which 
melted at 220-223°. 

CuH m O,N. Calculated. C 64.44, H 7.52, N 4.18 

CuHjjOjN. “ “ 64.05, “ 8.07, “ 4.15 

Found. “ 64.40, “ 7.95, “ 4.13 

Neutralization equivalent, calculated 167.6, 168.6, found 185 

150 mg. of the substance in methanol were treated with an excess of 
diazomethane. After removal of the excess reagent and solvent by con¬ 
centration the residue was sublimed at 200° and 0.02 mm. 130 mg. of a 
resin were collected which could not be crystallized. 

C*„H.,0,N. Calculated. O 66.07, H 8.05, OCH* 17.08 
C 20 H 31 O,N. “ “ 65.71, “ 8.55, “ 17.00 

Found. “ 65.68, “ 8.18 “ 17.05 

0.1 gm. of the tricarboxylic acid, when stirred with 1 cc. of purified 
thionyl chloride for 30 minutes, gradually dissolved. After warming to 60° 
for 10 minutes, excess reagent was removed in vacuo. The residue was 
boiled with 100 cc. of water and filtered from a yellow gum. The extract 
was concentrated to about 10 cc., when triangular leaflets separated which 
were larger than in the previous case. 30 mg. were collected. They lost 
birefringence at 200° and melted at 220° with decomposition. 

Found, (a) C 64.11, H 7.97, N 3.91 
(6) “ 64.15, “ 7.84 
Neutralization equivalent, found 188 

Methylation with diazomethane and distillation at 220° and 0.02 mm. 
yielded a resin which could not be crystallized and closely resembled in 
properties the ester described above. Found, C 65.78, H 8.39. 

Attempted Degradation of Tricarboxylic Acid with Bromine (8) —200 mg. 
of the tricarboxylic acid were dissolved in an equivalent of dilute NaOH 
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and treated with a solution of 0.27 gm. of silver nitrate in 3 cc. of water 
with vigorous shaking. The gelatinous silver salt was collected, washed 
well with water, and then dried in vacuo over phosphorus pentoxide. The 
resulting 300 mg. were refluxed in 20 cc. of dry carbon tetrachloride and a 
solution of 0.2 m bromine in this solvent was added. 10 cc. were rapidly 
decolorized. An additional 10 cc. were added and the heating was con¬ 
tinued for 30 minutes. The solid material was filtered off and the filtrate 
on evaporation yielded a negligible residue. The silver salt was decom¬ 
posed with dilute HC1 and in turn shaken with dilute NaOH. The fil¬ 
trate from the solid material when acidified with HOI yielded a gum which 
was collected. On recrystallization from water 90 mg. of plates were ob¬ 
tained which melted with decomposition at 259 -262° and proved in other 
ways to be unchanged tricarboxylic acid. 

0 2 ,H 2tt 0 7 N. Calculated, C 61.88, JI 7.18; found, C 61.47, H 7.05 

Dicarboxylic Acid , CnHwOtN, from A thine —5 gm. of atisine hydro¬ 
chloride were stirred rapidly in a mixture of 100 cc. of benzene and 100 cc. 
of HjO which contained 1.25 gm. of NaOH. The temperature was kept 
at 10° and 8.6 gm. of KMn () 4 were added in small portions during 3 hours. 
The mixture was then allowed to reach room temperature and an additional 
9.4 gm. of KMnCh were added in three portions. By morning the reagent 
had been completely used up. The aqueous and benzene phases were 
separated and the latter yielded only 50 mg. of a neutral resin which was 
discarded. The aqueous filtrate was acidified with HC1 and 3.2 gm. of a 
resin were collected. The filtrate from this was concentrated to dryness 
and the residue was extracted repeatedly with hot ethyl acetate. The 
latter on slow concentration yielded large crystals. These were recrystal¬ 
lized from water. 0.23 gm. of oxalic acid dihydrate was obtained. The 
latter lost crystal water at 105-109° and decomposed with vigorous gas 
evolution at 195-196° and agreed in other properties with an authentic 
sample. 

Neutralization equivalent, calculated 63.02, found 63.2 

The 3.2 gm. of resin were subjected to a nine stage counter-current dis¬ 
tribution in separatory funnels with, in each (rase, 50 cc. of ethyl acetate 
and 50 cc. of 2 m phosphate buffer (pH 5.9). After the distribution each 
funnel was made strongly acid with H 2 SO 4 and repeatedly extracted with 
ethyl acetate. The material from Funnels 5 and 6 partially crystallized 
after evaporation of the solvent. The crystalline material was collected 
with ethyl acetate and recrystallized from dilute ethanol. 0.2 gm. of 
rhombs was obtained which melted at 323-326° after preliminaiy soften¬ 
ing at 310°. 
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[a]* - -23.5° (c - 1.62 In ethanol) 

CnH»0«N. Calculated. C 64.41, H 7.47, (N)CH, 3.84 
Pound, (o) " 64.60, " 7.33 “ 1.12 

“ (6) “ 64.37, “ 7.41 

Neutralisation equivalent, calculated (2COOH) 105.62, found 193 

After recrystallization from an ethanol-ethyl acetate-petroleum ether 
mixture, the melting point remained essentially unchanged. 

Found, C 64.29, H 7.57 

100 mg. of the acid were sublimed at 250° and 0.02 mm. 80 mg. of a 
partially crystalline resin were collected. Found C 64.37, H 7.60. When 
recrystallized from ethyl acetate it melted at 326-330°, and showed no 
depression when mixed with the original acid. Found C 64.30, H 7.41. 

Dimethyl Ester and Monomethyl Ester — 100 mg. of the dicarboxylic acid 
in acetone suspension were treated with excess diazomethane. After 
removal of solvent the residue was recrystallized from dilute ethanol. 
Tt formed needles; m.p. 193-195°. 

C»H«iO»N. Calculated. C 65.83, H 7.93, OCH, 14.80 

Found. “ 65.72, “ 7.89, “ 14.20 

30.6 mg. of the dimethyl ester dissolved in 2 cc. of methanol were heated 
at 100° with 2 cc. of 0.157 N NaOH. Aliquots withdrawn after 1 hour and 
If hours showed respectively the consumption of 0.99 and 1.04 equivalents 
of alkali. The solution was acidified and concentrated to small volume. 
Needles separated which were collected and recrystallized from dilute 
ethanol ;m.p. 229-232°. 

C„H,,0,N. Calculated. C 65.14, H 7.71, OCH, 7.65, (N)CH, 3.70 

Found. “ 65.07, “ 7.70 “ 7.30, “ 0.73 

“ 65.56, “ 7.72 

CnHiiOtN Add from Atisine —5 gm. of atisine hydrochloride were 
stirred with a solution of 1.5 gm. of NaOH in 50 cc. of H*0 and 50 cc. of 
benzene. Without cooling 30 gm. of KMnO, were added in small portions 
during 2 hours. The aqueous phase was then separated. This was heated 
on the steam bath and an additional 10 gm. of KMnCh were added during 
2 hours. The filtrate from MnOj was acidified with HC1. The filtrate 
from a small gummy precipitate was extracted three times with 25 cc. 
portions of ether which on evaporation yielded 1.07 gm. of a syrup. Con¬ 
tinued ether extraction of the aqueous phase for 3 days yielded a mixture 
of crystals and some syrup. The crystals were collected with ether. 
After recrystallization from water 80 mg. of oxalic acid dihydrate were 
obtained which lost water at 105-109° and melted with decomposition at 
195-196°. 
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The above 1.07 gm. of syrup were subjected as described above to a 
nine-stage Craig counter-current distribution between 60 cc. phases of 
ether and 2 m phosphate buffer (pH 5.3) in separating funnels. After 
the distribution each funnel was acidified (pH 3) with phosphoric acid and 
the aqueous phase was extracted repeatedly with ether. Each fraction 
was then examined. The material from Funnels 4, 5, and 6 partially 
crystallized on removal of the ether. That from Funnel 5 was collected with 
ether and, when recrystallized from ethanol-ether, yielded 15 mg. of veiy small 
prisms. The substance softened at 205°, then resolidified in a different 
crystalline form and again melted at 310-315°. From Funnels 4 and 6, 
25 mg. of the same substance were obtained. The melting point of a 
mixture of this substance with the above dicarboxylic acid, CsiIImOcN, 
from atisine showed a definite depression (m.p. 285-293°). 

[a]S — +39° (c — 1.08 in ethanol) 

C^HjTOeN. Calculated. C 62.43, H 7.45, N 3.84, (N)CH, 4.11 
Found. “ 62.35, “ 7.14, " 3.82, “ 0.00 

Neutralization equivalent, calculated (3COOH) 121.74, found 127 

All analytical data have been obtained by Mr. D. Rigakos of this labora¬ 
tory. 


SUMMARY 

A further study of the oxidation of isoatisine with permanganate has 
yielded a tricarboxylic acid, C21H29O7N, which also contains the lactam 
grouping. The tertiary character of one of its carboxyl groups has been 
suggested by the behavior of the methyl esters with alkali. Dehydrogena¬ 
tion of this acid has yielded 1, (>-dimethylphenanthrene which conforms 
with the production of l-methyl-6-ethylphenanthrene from atisine itself. 

Further study of the oxidation of atisine with permanganate lias yielded 
a dicarboxylic acid, CnHzsOeN, and a tricarboxylic acid, C19H27O6N. 

From the data obtained certain tentative conclusions have been draw r n 
in regard to a number of structural features of atisine. 
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THE GROWTH REQUIREMENTS OF CLOSTRIDIUM PERFRIN- 
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The objectives of the investigation of the Nutrition of Clostridium per - 
jringens were twofold. In the first place, the development of a chemically 
defined medium was prerequisite for the understanding of the factors and 
conditions favorable to production of toxins or exoenzymes. Secondly, 
it became evident early in the investigation that the organism presented 
exceptional advantages as a means of assay for amino acids and vitamins. 
The fact that very dense* growth is obtained in 16 hours at 45° in the pre¬ 
sence of a reducing agent and the fact that thirteen amino acids and four 
vitamins arc absolute requirements of the organism pointed to the probable 
merits of the bacterium for their assay. 

The early experiments in this laboratory on the growth requirements of 
Clostridium perfrinyem demonstrated that the organism would grow in a 
medium consisting of vitamin-free casein hydrolysate, tryptophan, cystine, 
glucose, vitamins (biotin, calcium d-pantothenate, riboflavin), uracil, ade¬ 
nine, inorganic salts, and an extract of liver. Later, the organism was 
grown successfully on a medium which had the same composition as the 
one above except that chemically pure amino acids were substituted for 
the casein hydrolysate and pyridoxamine (or pyridoxal) for the extract of 
liver. 

The chemically defined medium to be described for Clostridium per - 
fringens BP6K consists of nineteen known ammo acids, uracil, adenine, 
glucose, vitamins (biotin, calcium d-pantothenate, riboflavin, pyridox¬ 
amine), and salts. This medium supports rapid and luxuriant growth of 
the organism from a small inoculum. The growth obtained is equal to 
that prcxluced on a medium prepared from enzymatic digests or hydroly¬ 
sates of tissues or proteins supplemented with essential requirements. 
Under the conditions of the experiments there is no formation of a toxin 
(lecithinase) or any of the other known toxins or exoenzymes (hyaluroni- 
dase, 6 toxin, gelatinase) in this medium. However, this organism does not 
lose its ability to form toxins when grown under conditions suitable for 


♦The work described in this paper was assisted by the United States Army. 
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toxin production (1). In addition to strain BP6K, five other strains 1 of 
Ctostridiwn perfringens, A224B, A225B, G6000, G6006, and F5022, have 
been grown successfully in this medium. 

The organism requires nine of the ten amino acids said to be essential for 
the rat (2), in addition to glutamic acid, serine, tyrosine, cystine, and the 
vitamins, pyridoxamine, calcium d-pantothenate, biotin, and riboflavin. 

The relation of the lysine, alanine, aspartic acid, and glycine requirements 
to the pyridoxine, pyridoxamine, or pyridoxal content of the medium will 
be discussed. 


, Procedure 

Stock cultures of the organism are maintained by serial transfers in a 
stock medium consisting of casein hydrolysate, with added tryptophan, 
cystine, adenine, uracil, vitamins, glucose, salts, phosphate buffer, and 
defatted beef heart. Inoculum for the chemically defined medium is 
grown in pancreatic digest of beef heart (1) or tryptic digest of casein plus 
salts and vitamins. On a few occasions the inoculum has been grown in 
Bacto-tryptose or Bacto-peptone with added salts and vitamins, but on 
these media the organisms become ropy (mucoid) if stored (4-6°) for 
more than 1 day. These cultures are seed cultures. 

Stock Cultures —The medium for the stock cultures of the organism 
Clostridium ptrfringens BP6K is prepared as follows; 

Enough casein hydrolysate (Difco casamino acids) to contain 1.6 gm. of 
nitrogen (usually 16 gm. of solids), 5.76 gm. of Na 2 HP(V12H 2 0, 0.48 gm. 
of KH 2 PO 4 , 0.02 gm. of MgS(V7H 2 0, 0.02 gm. of L-cystine, 0.02 gm. of 
L-tryptophan, and 5.0 gm. of sodium succinate is dissolved in 500 cc. of 
water. The solution is adjusted to pH 7.7 to 7.8 with sodium hydroxide. 

5 cc. of a stock vitamin solution which contains 1 mg. each of calcium 
d-pantothenate and pyridoxine and 0.1 mg. of riboflavin are added and the 
solution is made to 1 liter. The medium is distributed in 25 X 200 mm. 
Pyrex culture tubes, 40 cc. to each tube. 

To each tube is added 1 gm. of dry fat-free beef heart which is prepared 
as follows i Beef heart freed from gross fat is ground in a meat chopper. 
1 kilo is thoroughly mixed with 3 liters of 95 per cent alcohol. The tissue 
is kneaded with the alcohol several times during the course of 4 hours. 
The alcohol is then removed as well as possible by filtering and pressing the 
tissue in a cloth bag. The tissue is kneaded in 3 liters dt 1:1 alcohol- 
ether mixture. After 4 hours, the alcohol-ether is drained off and the 
tissue dried by spreading in a thin layer in a current of air. The dried 
tissue is reground in a coffee mill to particles 2 mm. or less in diameter. 

1 Clostridium perfringem BP6K was obtained from the National Institute of 
Health, Bethesda, Maryland. The British strains A224B, A225B, G6000, G6OQ0, 
and F5Q22 were obtained from the Lister Institute, Elstree, Herts, England. 
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The tubes containing 1 gm. of beef heart per 40 cc. of medium are then 
autoclaved at 10 pounds for 30 minutes. 

This complete stock culture medium is cooled to below 38° in a water 
bath, 1 cc. of sterile 25 per cent glucose is added to each tube, and inocula- 
lation made without delay. The tubes are incubated for 5 to 6 hours at 
38° and stored at 4-6° for periods up to 1 month. 

Tryptic Digest of Casein —Seed culture medium has been prepared in 
this laboratory from tryptic digest of casein with added glucose. 1 kilo of 
casein is suspended in 8 liters of distilled water warmed to 50°, and the pH 
is adjusted to approximately 8.0 with NaOH solution. 30 gm. of trypsin 
(1:100) are suspended in water to make a smooth flowing paste or slurry 
and are poured into the casein. The digest is thoroughly mixed with 200 
cc. of toluene and placed in an incubator at 45-50° for 24 hours. At the 
completion of the digestion the digest is placed in the cold room (4-6°) 
overnight and filtered with the aid of Filter-Cel. The digest is adjusted 
to pH 5.5 and allowed to boil for 10 minutes, after which it is filtered by 
suction with the aid of Filter-Cel. 

To prepare 1 liter of medium, an amount of tryptic digest which contains 
40 gm. of solid is measured out. To this is added the amount of salts and 
vitamins required for a liter of stock culture, except that cystine, trypto¬ 
phan, and sodium succinate are omitted. The volume of the solution is 
made to 1 liter. The pH is adjusted to 7.6 with NaOH. 

The medium is distributed in 25 X 200 Pyrex culture tubes, 40 cc. to a 
tube, and autoclaved at 10 pounds for 30 minutes. The tubes are cooled 
to below 38° in a water bath, 1 cc. of 25 per cent sterile glucose solution is 
added to each, and they are then inoculated without delay w r ith 1 cc. of 
stock culture. The tubes which are not to be inoculated immediately 
are stored at room temperature without the addition of glucose. Just 
before inoculation they must be heated in a boiling water bath for 20 
minutes to expel dissolved air, then cooled quickly, and the glucose added. 
The inoculated tubes are incubated for 5 to 6 hours at 38° and stored at 
4-6° for periods up to 1 week. 

Inoculum—1 cc. of seed culture is centrifuged under sterile conditions 
and the supernatant discarded. The packed cells are mixed with 10 cc. 
of sterile saline and centrifuged again. The washed cells are then re¬ 
suspended in 1 cc. of sterile saline and diluted at least as much as 1:5 X 
10 6 and may be diluted as high as 1:3 X 10* (see Table V) with saline. 
1 cc. of the diluted inoculum is added per tube of medium. 

Chemically Defined Medium —The composition of 100 cc. of double 
strength basal medium consisting of amino acids, a purine and pyrimidine, 
salts, vitamins, and glucose is shown in Table I. The medium is pre¬ 
pared as follows: The amino acids (with the exception of cystine) plus 
ascorbic acid, shown in Table I, are weighed and kept in a dry flask until 
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ready for use. Cystine is weighed separately and dissolved with the aid 
of a few drops of n HC1. 

60 mg. of uracil and 87 mg. of adenine sulfate are dissolved in 50 cc. of 
0.2 n HC1. 2.5 cc. of this solution are required. 

10 gm. of MgS0 4 -7H 2 0, 0.5 gm. of FeS0 4 *7H 2 0, 0.5 gm. of NaCl, and 
0.5 gm. of MnS0 4 *4H 2 0 are dissolved, 1 cc. of syrupy H 3 P0 4 is added, and 
the mixture made to 250 cc. with water. 1 cc. of this solution is required. 


Table I 

Double Strength Basal Medium 


Glucose 

2.0 gm. 

Riboflavin 

100.0 y 

Ascorbic acid 

50.0 rag. 

Ca d-pantothenate 

200.0 44 

DL-Alanine 

100.0 44 

Pyridoxamine dihydro- 

100.0 44 

n-Arginine* 

50.0 44 

chloride 


dl- Aspartic acid 

100.0 11 

Biotin 

1.0 44 

L-Cystine* 

20.0 “ 

MgS0 4 -7II 2 0 

40.0 mg. 

Glycine 

100.0 44 

FeS0 4 -7H 2 0 

2.0 “ 

L-Glutamic acid* 

! 150.0 44 

MnS0 4 *4H 2 0 

2.0 44 

L-Histidine* 

50.0 “ 

NaCl 

2.0 44 

Hydroxy-L-proline 

j 25.0 44 

Adjust to pH 7.2 with 


DL-Isoleucine* 

1 50.0 “ 

NaOH 


L-Leucine* 

75.0 44 

k 2 hpo 4 

1.66 gm. 

L-Lysine* 

100.0 “ 

kh 2 po 4 

0.32 44 

DL-Methionine* 

50.0 “ 

Add distilled H 2 0 to 100.0 

cc. 

L-Proline 

25.0 44 



DL-Phenylalanine* 

50.0 44 



DL-Serine* 

150.0 41 



DL-Threonine* 

50.0 44 



L-Tryptophan* 

50.0 44 



L-Tyrosiue* 

50.0 14 



DL-Valine* 

75.0 44 



Uracil 

2.5 44 



Adenine sulfate 

i 3.4 44 

1__ 




* Essential for growth. 


10 mg. of'riboflavin and 20 mg. of calcium d-pantothenate are dissolved 
and made to 100 cc. with water. 1 cc. of this solution is required. 

20 mg. of pyridoxamine dihydrochloride are dissolved and made to 100 
cc. with water and kept in a dark bottle at 4-6°. 0.5 cc. of the solution is 
required. 

A vial of biotin containing 25 y is made to 25 cc. with distilled water. 
1 cc. of the solution is required. 

Phosphate buffer is prepared by dissolving 52 gm. of K s HP0 4 ;3Hj 0 and 
10 gm. of KH 2 PO 4 in distilled water and making the solution to 250 cc. 
8 ec. of the solution are required. 
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60 cc. of water are added to the dry amino acids and ascorbic acid. The 
mixture is heated in a boiling water bath with occasional shaking until 
solution'is complete. The solution is cooled and cystine, uracil plus ade¬ 
nine, salts, and vitamin solutions are added and the pH adjusted to 7.1 
to 7.2 with NaOH. The phosphate buffer solution is then added and the 
volume of the mixture made to 100 cc. The final pH should be 7.1 to 7.2. 

This double strength basal medium is diluted with an equal volume of 
water for final use. The medium may be sterilized (without glucose) and 
kept for at least a week with satisfactory results. 

Procedure for Growth —The procedure for obtaining maximum growth on 
the chemically defined medium is as follows: 

5 cc. quantities of the double strength basal medium without glucose are 
pipetted into culture tubes (15 X 150 mm.) and the final volume is ad¬ 
justed to 10 cc. The tubes are covered with loosely fitting glass caps, or 
stoppered with cotton plugs in the usual manner. 

The tubes are sterilized for 15 minutes at 15 pounds pressure, cooled, 
and 0.4 cc. of sterile 25 per cent glucose added. Each tube is inoculated 
with 1 cc. of washed, diluted, bacterial cell suspension and then placed in a 
constant temperature water bath at 45° for 16 to 20 hours, depending on 
the density of the inoculum. Top growth may be obtained in 16 hours 
when 5 X 10“ 4 cc. of original culture are used for inoculum, but if a very 
small inoculum (3.2 X 10~ 9 cc. of culture) is employed, it is necessary to 
extend the incubation period to 20 hours. At the enji of the incubation 
period the contents of each tube are mixed and the very heavy growth 
(1.7 X 10® organisms per cc.) is measured with a turbidimeter designed for 
dense suspensions (3). An Evelyn photoelectric colorimeter has also been 
employed for measuring turbidity and direct cell counts have been made. 
Measurements made by these three means are the criteria used for the 
estimate of growth as defined in this paper. 

RESULTS AND DISCUSSION 

Table I shows the amount of amino acids required per 100 cc. of double 
strength medium for maximum growth of Clostridium perfringens. Thir¬ 
teen amino acids are absolute requirements for this organism. Nine of 
these amino acids are indispensable for the rat (2): arginine, leucine, histi¬ 
dine, isoleucine, methionine, threonine, phenylalanine, tryptophan, and 
valine. The other amino acids essential for growth of the organism are 
glutamic acid, serine, cystine, and tyrosine. Those amino acids which 
appear to be non-essential for growth, but which are added to the medium 
because of their stimulating effect on growth, are glycine, alanine, lysine, 
aspartic acid, proline, and hydroxyproline. 

As far as it is known at the present time, only the natural forms of the 
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amino acids are used by this anaerobe. The growth response of the or¬ 
ganism to the l form of valine, serine, tryptophan, and methionine is twice 
that with the dl form. 

Table II shows the effect of. the omission of single amino acids from an 
otherwise complete medium on the growth of Clostridium perfringens. 
The omission of any one of the thirteen amino acids which are essential 
results in little or no growth after incubation for 16 hours at 45°. 

In the beginning, the amount of each essential amino acid to be added 
to the medium was determined on the basis of the amount present in vita¬ 
min-free casein hydrolysate. Later, by adding graded amounts of each 
essential amino acid to an otherwise adequate mixture, the minimum 
amount which would produce top growth was determined. The amount 


Table II 

Growth of Clostridium perfringens Obtained When One Amino Acid Was 
Omitted from Otherwise Complete Medium 


Amino add omitted 

Turbidity* 

Amino acid omitted 

Turbidity* 

L-Arginine 

0.2 

L-Glutamic acid 

0 

DL-Isoleucinc 

0.2 

PL-Serine 

1.0 

L-Leucine 

0 

L-Tyrosine 

0.8 

DL-Methionine 

0.2 

L-Lysinc 

15.0 

DL-Phenylalanine 

0.1 

DL-Alanine 

15.0 

DL-Threonine 

0.2 

L-Proline 

| 17.0 

dl- Valine 

0.1 

Ilydroxy-L-proline 

i 16.5 

L-Tryptophan 

0 

PL-Aspartic acid 

16.0 

L-Histidine 

0.4 

Glycine 

15.0 

L-Cystine 

0.2 




Incubated 16 hours at 45°. 
* Microamperes. 


subsequently added to the basal medium was then arbitrarily set at 4 
times this quantity. 

The importance of the members of the vitamin Be group in the synthesis 
of certain amino acids by other microorganisms has been reported by 
Stokes et aZ.‘ (4), Lyman et al. (5), and Speck and Pitt (6). Stokes et al. 
have shown that if the pyridoxine of the medium is replaced with either 
pyridoxamine or pyridoxal the requirement of Lactobacillus delbrueckii , 
L. case i, and L. arabinocus 17-5 for lysine, threonine, and alanine is elimi¬ 
nated. 

Lyman et aL showed that pyridoxine could replace lysine, threonine, and 
alanine in the medium for Lactobacillus arcibinosus 17-5, and furthermore 
that carbon dioxide and pyridoxine together would replace arginine, 
phenylalanine, and tyrosine. 
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Speck and Pitt have reported that pyridoxamine or pyridoxal in the 
medium eliminates the requirement of IjactobadUus arabinosus 17-5 for 
cystine. 

Likewise, pyridoxamine or pyridoxal (or very large amounts of pyri- 
doxine) apparently eliminates the requirement of Clostridium perfringms 
for lysine, alanine, aspartic acid, and glycine. 

Fig. 1 shows the response of Clostridium perfringens to the different 
meml>ers of the vitamin B« group when lysine is omitted from the medium. 
Apparently lysine is not requited by the organism when pyridoxamine 



Pyridoxin*-1000 2000 3000 

Micrograms per tubs 

Fio. 1. Growth response of Clostridium perfringem to pyridoxine, pyridoxal, and 
pyridoxamine on a medium free of lysine. 

(or pyridoxal) is present to the extent of 1 to 3 y per 10 cc. of medium.. 
However, to obtain nearly the same growth response with pyridoxine, it 
must be added in amounts 2000 to 3000 times that of pyridoxamine. 
Similarly, Snell and Rannefeld (7) have shown that the activity of pyri¬ 
doxamine and pyridoxal for a large group of lactic acid bacteria is from a 
few fold to several thousand fold that of pyridoxine. 

Table III also demonstrates that aspartic acid, glycine, and alanine, 
respectively, are very likely synthesized when pyridoxamine or pyridoxal or 
very large amounts of pyridoxine are present in the medium. 



1020 


GROWTH REQUIREMENTS OP C. PERFRINGEN8 


Table 111 

Effect of Pyridoxinc, Pyridoxamine , and Pyridoxal on Growth of Clostridium 
perfringens in Medium Deficient in Alanine , Aspartic Acid , or Glycine 



Pyridoxinc 

Pyridoxamine 

Pyridoxal 



Turbidity* 


Turbidity* 


Turbidity 


7 per tube 


y per tube 


7 per tube 


No alanine 

500 

0.5 

0.10 

0.5 

0.5 

0.6 


2500 

11.0 

0.40 

14.2 

3.0 

15.5 

4 mg. alanine per 

o 

0.2 

0 

0.2 

0 

0.2 

tube 

50 

0.5 

0.05 

12.6 

0.1 

4.5 


250 

15.5 

0.10 

15.5 

0.5 

17.0 

No aspartic acid 

40 

3.5 

0.04 

5.0 

0.20 

9.0 


200 

11.0 

0.20 

15.0 

0.60 

13.5 

5 mg. aspartic 

0 

0.2 

0 i 

0.2 

! o 

1 0.2 

acid per tube 

40 

6.5 

0.04 | 

0.0 

0.20 | 

13.5 


60 

11.0 

1 0.06 ! 

12.5 

0.30 j 

15.0 

No glycine 

20 

4.0 

0.05 ; 

12.0 

0.15 

8.0 


40 

: io.2 s 

0.08 j 

15.0 

0.60 

16.2 

4 mg. glycine per 

0 

0.7 ! 

o : 

0.7 

0 

0.7 

tube 

20 

10.5 






40 

13.5 






* Microamperes. 


Table IV 

Acceleration of Growth by Adenine , Uracil , and Guanine 


Adenine 

sulfate 

Guanine 

HC1 

l 

Uracil | 

2 hrs. 

4 hrs. 

7 per tube 

7 per tube 

7 per tube | 



0 

0 

0 ! 

0 

0 

100 


! 

0 

4 

200 


1 

0 

4- 


100 

i 

0 

0 


200 


0 

0 



100 

0 

0 



200 

0 

0 

200 


20 

+ 

1.5 

200 


100 

+ 

2.0 


200 

100 

0 

0 


200 

200 

0 

0 


+ indicates easily visible growth. 


Turbidimctric reading, microampere* 


Incubation time 


6 hrs. 

8 hrs. 

10 hrs. 

13 hrs. 

16 hrs. 

25 hrs. 

o 

4- 

0.1 

6.5 

10.0 

17.0 

3.5 

10.0 

11.0 

13.5 

16.0 

18.5 

6.0 

11.0 

12.0 

14.5 

17.5 

18.7 

4- 

2.0 

9.5 

13.5 

16.5 

19.0 

0.5 

6.0 

10.0 

13.0 

16.0 

18.5 

4- ; 

! + 

0.5 

7.0 

10.0 

16.0 

+ 

+ 

0.6 

8.0 

10.5 

16.5 

9.5 

12.5 

13.5 

16.0 

17.5 

19.5 

9.5 : 

12.5 

14.0 

16.5 

17.5 

19.5 

+ i 

1.0 

8.2 

11.5 

14.0 

18.0 

0.5 

8.5 

11.5 

14.0 

16.5 

18.5 


Table IV shows the effect of added adenine, guanine, and uracil on the 
induction period of the organism when incubated at 45°. When these 
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three compounds are omitted from the medium, there is an induction 
period of 10 hours before growth becomes evident. The addition of ade¬ 
nine enables visible growth to take place in 4 hours after inoculation. A 
still more marked acceleration of growth is obtained by adding uracil and 
adenine. Growth of the organism is readily visible in 1J to 2 hours after 
inoculation with 5 X 10~ 4 cc. of the original seed culture. Apparently 
synthesis of purines takes place at a slow rate, for after 16 hours incubation 
only half maximum growth has occurred in a medium free of guanine and 
adenine. Guanine and uracil also reduce the induction period but not to 
the same extent as adenine and uracil. 



Micrograms of CoiciumRantothenote per tube 

Fjg. 2. Effect of calcium d -pantothenate on the growth of Clostridium perfringens 

The only vitamins required for growth by Clostridium perfringens are 
calcium d-pantothenate, pyridoxamine (or pyridoxal), biotin, and ribo¬ 
flavin. Fig. 2 illustrates the response of the organism to increments of 
calcium d-pantothenate in an otherwise complete medium. Maximum 
growth is obtained in a medium containing 3 y of calcium d-pantothenate 
per tube. 

The response of the organism to biotin is shown in Fig. 3. Maximum 
growth is obtained in a medium containing 0.003 y per tube. 

Fig. 4 shows the growth with the addition of riboflavin to an otherwise 
adequate medium. Growth is visible with the addition of 0.005 y of ribo¬ 
flavin and increases to half maximum growth on the addition of 0.015 y. 
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With the addition of larger amounts the increments of response become 
progressively smaller until 0.7 to 1.0 7 is required to produce top growth. 

The “B” salts, which consist of FeS0 4 -7H 2 0, MgS0 4 -7H 2 0, M11SO4- 
4H 2 0, and NaCl, are added in the same amounts as are required by the 
lactobacilli. Mg and Fe are essential requirements. 

The phosphate buffer, which is a mixture of KH2PO4 and K 2 HPC>4, is 
added in large amounts so as to keep the pH high during growth. When 
pH 4.5 is reached, the organism ceases to grow. 

The concentration of glucose in the medium is 1 per cent and may be 
increased to 2 per cent without affecting the growth of the organism. 

If the medium is autoclaved before adding glucose, it is necessary to add 
a reducing substance such as ascorbic acid (either d or l isomer) or cysteine 
hydrochloride to produce an oxidation-reduction potential sufficiently low 
to initiate the growth of this anaerobe. Ascorbic acid is preferred as the 
reducing agent because the medium containing it can be sterilized (sepa¬ 
rately from glucose) and stored for at least a week with satisfactory results 
( 8 ). Medium containing cysteine as reducing agent may be kept not longer 
than 3 to 4 days. 

If the medium is autoclaved for 15 minutes at 15 pounds in the presence 
of glucose at pH 7.2, caramelization occurs and substances are formed which 
act as growth inhibitors. Furthermore, under these conditions, the addi¬ 
tion of ascorbic acid or cysteine to the medium may fail to initiate growth. 
The medium containing glucose may be heated 20 minutes in a boiling 
water bath without producing an appreciable quantity of inhibitors. Also, 
growth may be obtained in the boiled medium without the addition of a 
reducing agent. 

Table V shows the effect of decreasing the amount of inoculum on the 
growth obtained in the synthetic medium. The seed cultures which con¬ 
tained 1.3 X 10 9 organisms per cc. (as estimated from the turbidimetric 
reading of 14.6 microamperes) were washed and serially diluted as de¬ 
scribed under “Inoculum.” The inoculum from the highest dilution, 
which corresponded to 3.2 X 10 “ 9 cc. of original culture, was calculated to 
contain four organisms. The growth resulting from inoculation with this 
smallest inoculum was almost equal after 20 hours incubation to that ob¬ 
tained from large inocula. 15 hours incubation required an inoculum con¬ 
taining between 100 and 500 organisms to produce growth as dense as that 
from large inocula. The fact that this luxuriant growth was obtained with 
washed inocula containing only a few organisms seems to justify the con¬ 
clusion that the synthetic medium contains all the substances required for 
growth of the organism. Twelve consecutive transfers of Clostridium 
perfringens have been made in this synthetic medium without apparently 
altering the characteristics of the organism. 
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Table V 


Effect of Dilution of Inoculum on Growth 


Tube No. 

Quantity of washed 
cells used for 
inoculum 

j 

No. of cells in 
inoculum* 

Turbidity! 

Time of incubation at 45° 


15 hrs. 

20 hrs. 


cc. 




1 

5 X 10“ 4 

6.5 X 10* 

17.0 

17.5 

2 



19.0 

19.0 

3 

10~ 4 

1.3 X W 

17.5 

18.0 

4 



18.6 

18.5 

5 

10~ 6 

1.3 X 10 4 

17.5 

18.0 

6 



18.0 

18.0 

7 

2 X 10~‘ 

2.6 X 10 J 

17.2 

18.0 

8 



18.0 

18.5 

9 


5.2 X 10 s 

17.5 

18.5 

10 

4 X 10-’ | 

| 

16.5 

18.0 

11 

8 X 10-» | 

10 s 

16.0 

18.0 

12 


j 

14.5 j 

17.5 

13 

1.6 X 10-» | 

2 X 10 1 

14.0 

17.0 

14 

1 

1 

1 

15.0 

17.5 

15 

3.2 X 10-* | 

4 

13.0 ; 

16.2 

16 

1 

i 

! 

12.5 

15.0 

- ... 



_ _ - A _ ,1 

^ __ _ 


* Calculated on the basis that the original send culture contains 1.3 X 10 9 cells 


per co. 

f Microamperes. 



Fig. 5. Effect of temperature on the growth of Clostridium perfringens for a period 
of 16 hours. 
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Fig. 5 shows the effect of temperature on the growth of Clostridium per - 
fringens . It is evident from these experiments that growth is most rapid 
at 46°. Above 48° almost no growth takes place. Because the growth at 
43° is only slightly less rapid than that at 46°, temperatures in this range 
are suitably employed when the organism is used for assay purposes. 

SUMMARY 

1. The organism, Clostridiupi perfringeus BP6K, may be grown luxuri¬ 
antly in a chemically defined medium consisting of known amino acids, 
adenine and uracil, vitamins (biotin, calcium d-pantothenate, pyridox- 
amine or pyridoxal, and riboflavin), salts (FeSOwHjO, MgSCVTHjO, 
MnS()i-4H 2 0, and NaCl), glucose, phosphate buffer, and ascorbic acid. 

2. A satisfactory stock culture medium and a seed culture medium have 
been devised for this organism. 

3. Pyridoxamine or pyridoxal (or large quantities of pyridoxine) elimi¬ 
nate the requirements of Clostridium perfringens for lysine, alanine, aspar¬ 
tic acid, and glycine. 

4. The addition of adenine and uracil reduces the induction period of 
growth of the organism. 

5. The optimum temperature range for rapid growth is 43-46°. 
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In the previous paper on the growth requirements of Clostridium per - 
fringens BP6K it was shown that thirteen amino acids, i.e. arginine, leucine, 
histidine, isoleucine, methionine, threonine, phenylalanine, tryptophan, 
valine, glutamic acid, serine, cystine, and tyrosine, are essential for the 
growth of the organism. The omission of any one of these amino acids 
from an otherwise complete medium resulted in either very little or no 
growth. The possibility of using this rapidly growing organism for amino 
acid assay has been investigated and the results indicate that Clostridium 
perfringens may be used satisfactorily for the assay of the above amino 
acids. 

This procedure has a number of advantages ovdr the present microbial 
assay methods for determining amino acids: (a) The method does not 
require aseptic technique. (6) The assay is rapid. T^ e induction period is 
so short that growth is visible in 2 to 3 hours after inoculation and the 
assay is completed in 16 hours, (c) The same seed culture may be used 
for 1 week as a source of the inoculum, (d) The response of the organism 
to increments of the amino acids essential for the rat is more nearly linear 
than with other organisms, (e) The culture medium is not autoclaved, 
and possible destruction of any of the constituents is thereby avoided. 

EXPERIMENTAL 

The procedures for the preparation of the “stock culture” and “seed 
culture” media, transfer, and growth of Clostridium perfringens on these 
media, and the preparation of the double strength basal medium for assay 
purposes have been given in the previous paper. 

Inoculum—l cc. of the seed culture obtained aseptically from the stock 
seed culture is centrifuged and the supernatant discarded. The packed 
cells are resuspended in 10 cc. of distilled water and centrifuged a second 
time. These washed cells 1 are resuspended in 1 cc. of water and a dilution 

* The work described in tfyis paper was assisted by the United States Army. 

1 An unwashed cell suspension of 1:200 was used satisfactorily for the assay of 
1 ‘tidine, leucine, isoleucine, arginine, phenylalanine, and tyrosine. 
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of 1:200 is made with water. 1 drop (0.05 ce.) of the diluted cell suspen¬ 
sion is used for the inoculation of each tube of medium. 

Procedure for Assay —The procedure for assaying an amino acid in this 
chemically defined medium is as follows: 

A set of eight to ten Pyrex culture tubes (15 X 150 mm.) is used to ob¬ 
tain a standard growth curve. 5 cc. of double strength basal medium 
(deficient in the amino acid being assayed) are pipetted into each tube. 
Graded amounts of the amino acid under test are added to each tube. 
The final volume of each tube is adjusted to 10 cc. with distilled water. 
The amount of the amino acid to be added per tube to obtain a complete 
growth curve varies with each particular amino acid to be assayed. For 
instance, the standard curve for tryptophan requires a range of 0 to 80 7 
per tube; therefore, eight different levels of the amino acid, i.c. 0 , 10 , 20 , 
etc., up to 80 7 , are added per tube. However, the range of the standard 
curve for each amino acid is different, as is shown in Figs. 1 to 6 . 

To assay the sample for an amino acid several different, accurately 
measured quantities of the diluted hydrolysate, adjusted to pH 7.1 to 7.2, 
are added in duplicate to 5 cc. quantities of the basal medium (deficient 
in the amino acid to be assayed). At least two of the dilutions should 
correspond to points near the middle of the standard growth curve. The 
final volume is made to 10 cc. with distilled water. 

0.1 cc. of sodium azide solution containing 2 mg. per cc. is added to all 
tubes. The contents of each tube are mixed by inversion. Glass caps 
are used to cover the tubes. The tubes are placed in a boiling water 
bath for 20 minutes, cooled, and inoculated with 1 drop of the diluted in¬ 
oculum, after which they are incubated in a constant temperature water 
bath at 45° for a period of 16 hours. 

After incubation the contents of the tubes are mixed by inversion and 
the density of growth determined with a turbidimeter ( 1 ). The optical 
density may be determined with an Evelyn photoelectric colorimeter 
equipped with a 660 m/x filter. 

Preparation of Sample for Analysis —The procedure of Stokes et al . 
( 2 ) is used for preparing a sample of protein for analysis. 1 gm. of 
protein is introduced into a small Pyrex tube, 10 cc. of 3.5 n HC1 are 
added, and the tube is sealed. The sealed tube is autoclaved 10 hours 
at 15 pounds pressure, cooled, and the contents of the tube are carefully 
washed into a graduated cylinder. NaOH is added until the point of 
neutralization is reached, and the final volume is adjusted to 300 cc. 

Tryptophan analysis is made on an alkaline hydrolysate of the protein. 
50 mg. of the dried protein are hydrolyzed with 4 cc. of 5 n NaOH in sealed 
tubes for 10 hours at 15 pounds pressure. The precipitate that forms as 
a result of the hydrolysis is filtered off and washed with distilled water. 
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The combined washings are added to the filtrate* The pH of the filtrate 
is adjusted to 7.2 and the final volume made to 60 cc. Complete racemiza- 
tion of the tryptophan is assumed to occur when the sample has been 
hydrolyzed under these conditions. Since D-tryptophan is inactive for 
Clostridium perfringens, the final results of the assay must be multiplied 
by a factor of 2 to obtain the correct tryptophan value. 



Fig. 1. Standard growth curves of L-tryptophan and L-cystine 
RESULTS AND DISCUSSION 

Figs. 1 to 6 show the standard curves for L-methionine, L-tryptophan, 
DL-threonine, DL-phenylalanine, L-histidine, L-tyrosine, L-leucine, dl- 
valine, L-arginine, DL-isoleucine, L-glutamic acid, DL-serine, and L-cystine. 
The curves show a linear response to increments of the amino acids es¬ 
sential for the rat, while serine, cystine, and tyrosine give sigmoid growth 
curves. All the indispensable amino acids with the exception of lysine 
may be assayed. However, lysine may be assayed provided the sample 
tested contains neither pyridoxamine nor pyridoxal. Fig. 7 shows a 
standard growth curve for lysine in the presence of 60 y of pyridoxine per 
tube. 
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Fig. 2. Standard growth curves of L-arginine, u-leuoine, and DL-threonine 



Fig. 3. Standard growth curves of i.-histidine and L-tyrosinc 


The correlation of cell counts, turbidities, and optical densities is shown 
in Fig. 8. The cell counts were made according to the United States Army 
method (3). Turbidities were determined with a photoelectric turbidim¬ 
eter and represent galvanometer readings; i.e., microamperes. Optical 
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densities were calculated from the transmission values obtained with an 
Evelyn photoelectric colorimeter (optical density = 2 — log (?) with a 660 



Micrograms per Tube 

Fig. 4. Standard growth curves of dl- valine and DL-isoleucine 



Microgromt per Tube 

Fig* 5. Standard growth curves of DL-methionine and DL-phenylalanine 


mM filter. The measurements with the Evelyn photoelectric colorimeter 
were made on the undiluted culture tubes. The results obtained indicate 
that turbidity and optical density are proportional to the cell count. 
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Fig. 6. Standard growth curves of L-glutamic acid and DL-serine 



> 100 200 300 400 500 600 700 800 

Lytins 

Microgram* p«r lute 

Fig. 7. Response of Clostridium perfringens to pyridox&mine and pyridoxal 
on a mediumjwithout lysine, and the growth response for L-lysine in the presence 
of pyridoxine. 
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Table I shows the amino acid analyses of 0-lactoglobulin, egg albumin, 
and silk fibroin as determined with Clostridium perfringens in this labora¬ 
tory, and, for comparison, the results of Stokes et al ., determined with 
Streptococcus faecalis on samples of the same preparation of protein. The 
protein samples were dried and hydrolyzed under conditions described by 
Stokes et al. (2). The analytical results obtained by these two different 
organisms are essentially in agreement, except that the phenylalanine 
content of 0-lactoglobulin was found to be 3.2 instead of 4.3 per cent 



Fig. 8. Comparison of cell counts, turbidities, and optical densities 


However, our result is in close agreement with that of Brand et al, who 
have reported the phenylalanine content of 0-lactoglobulin to be 3.5 per 
cent. 

The use of non-aseptic technique in making the assay is an advantageous 
departure from the usual microbiological assay procedure. Sterilization 
of the medium in a boiling water bath instead of autoclaving reduces the 
possibility of destruction of vitamins and amino acids and the formation 
of inhibitors. Snell (5) has shown that autoclaving pyridoxal with trypto¬ 
phan or histidine destroys the growth-promoting activity of this vitamin 
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Table I 

Amino Add Content of Purified Protein* 

The proteins were dried at 105° for 3 hours. The results were calculated as per 
eent of dry weight. 



] 

Histidine j 

Arginine j 

1 

Isoleudne 

I 

1 

£ 

j 

Tryptophan 

j 

i 

0-Lacto- 

Clostridium perfringem 

1.6 


15.1 

7.3 

5.5 

2.6 

4.8 


3.2 

globulin 

Streptococcus faecalis* 

1.5 

2.8 

15.3 

7.0 

5.5 

2.5 

4.6 

2.1 

4.3 

Egg albu- 

Clostridium perfringem 

2.4 

5.9 

8.5 

7.8 

7.5 

4.6 

3.7 

1.4 

7.5 

min 

Streptococcus faecalis 

2.3 

5.9 

9.2 

7.0 

7.0 

4.1 

3.6 

1.4 

7.9 

Silk fi~ 

Clostridium perfringens 

0.36 

0.98 



3.45 


1.3 

0.34 


broin 

Streptococcus faecalis 

0.4 

1.11 

0.93 

116 

3.5__ 

0.15 

1.36 

0.44 

1.49 


* Stokes, Gunness, Dwyer, and Caswell analyzed samples of the same preparation 
of protein, using Streptococcus faecalis. 



10 20 30 40 50 60 70 80 90 

Microgromt of u -Tryptophan portube 


Fig. 9. Standard growth curves of L-tryptophan. Broken lines, growth obtained 
under aseptic conditions; solid lines, growth obtained under non-aseptic conditions 
with sodium azide present in the medium. 

for certain organisms. Not only is there a considerable saving of time in 
performing the assay, but the assay may be made by semiskilled personnel. 
Standard growth curves obtained by the non-aseptic technique have been 
checked against growth curves obtained under aseptic conditions. 
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Fig. 9 shows the similarity of standard growth curves for tryptophan 
obtained by using aseptic and non-aseptic conditions. Under aseptic 
conditions the tubes of medium were sterilized for 10 minutes at 15 pounds 
pressure, 0.4 cc. of sterile 25 per cent glucose was added, and the tubes 
were inoculated with a washed diluted cell suspension. Under non¬ 
aseptic conditions the tubes of medium containing glucose and sodium 
azide were boiled 20 minutes, cooled, and inoculated with a diluted cell 
suspension which was previously washed under non-aseptic conditions. 

Non-aseptic technique in making assays may be employed without run¬ 
ning the risk of contamination for the following reasons: (a) Heating the 
assay tubes in a boiling water bath for 20 minutes destroys most of the 
vegetative bacteria; ( b ) the use of sodium azide (6) inhibits the growth of 
most aerobes; (c) the short induction period reduces the possibility of 
contamination; and (< d) the high incubation temperature of 45° inhibits 
the growth of most air-borne organisms. 

The authors are indebted to Alice Griner Tytell f or making the cell counts; 
to Dr. W. H. Stein of the Rockefeller Institute for 0-lactoglobulin, egg 
albumin, and silk fibroin; and to Dr. J. S. Fruton for the d and l isomers of 
methionine. 


SUMMARY 

A microbiological assay procedure has been devisecTfor the determination 
of thirteen amino acids, nine of which are essential for the rat. The ad¬ 
vantages of this procedure are as follows: 

1. The assay may be done under non-aseptic conditions. 

2. The organism grows so rapidly that the assay is completed in 16 hours. 

3 . One seed culture may be used for at least 1 week. 

4. The culture medium need not be sterilized by autoclaving. 

5. The response of the organism to increments of the amino acids es¬ 
sential for the rat is very nearly linear. 
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THE LIMITATIONS OF INHIBITION ANALYSIS 


Sirs: 

A method for the identification of the products of enzyme systems of 
intact cells by means of inhibition studies has been described by Shive and 
associates under the term “inhibition analysis .” 1,2 They have assumed 


Effect of 5-Bromouracil on Toxicity of 5-Nitrouracil 




| Titer, ml. 0.1 N per 10 ml. 

Pteroylglutamic acid 

Nitrouracil 



Without bromouracil 

Bromouracil. 

100 7 per 10 ml. 

my per 10 ml. 

mg. per 10 ml. 



0.22 

0.0 

4.6 

3.65 


0.16 

0.8 



0.40 

0.6 



1.0 

0.6 

1.95 


2.5 

0.6 

1.3 


6.25 

0.8 

1.2 

1.10 

0.0 

10.9 

10.45 


0.16 

2.7 



0.40 

1.2 



1.0 

0.6 

6.45 


2.5 

0.8 

4.2 


6.25 

0.7 

2.6 

5.50 

0.0 

14.4 

14.5 


0.16 

6.5 



0.40 

4.3 



1.0 

1.1 

13.2 


2.5 

0.8 

10.1 


6.25 

1.7 

6.5 

Inhibition ratio. 

ca. 7 X 10 * 

ca . 3 X 10 * 


that any substance which restores growth to a bacterial culture which is 
inhibited by an antimetabolite can thus be identified as a normal metabolic 
product. In particular, if, on the addition of the substance, the inhibitor 
becomes ineffective or effective only at a higher concentration, the sub- 

1 Shive, W., and Macow ,J. f J .Biol.Chem., 162, 451(1946). 

* Beerstecher, E., Jr., and Shive, W., J. Biol. Chem., 164, 53 (1946). 
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stance is assumed to be a product of the enzyme system with which the 
antimetabolite interferes.* -4 

In extensive studies of the effects of pyrimidine derivatives on Lacto¬ 
bacillus casei in these laboratories a considerable number of observations 
have accumulated which cannot be reconciled with this theory. At times 
“inhibition analysis” suggests conclusions which obviously are false. The 
following example will clarify this point. 

In the table are given the results of experiments with 5-nitrouracil and 
5-bromouracil on the growth of L. casei. 1 The data were selected from 
more extensive experiments which will be reported in detail later but are 
representative of several similar studies. It will be seen that 5-nitrouracil 
inhibits the growth of L. casei competitively with pteroylglutamic acid 
(PGA), giving a constant inhibition ratio of 7 X 10*. In the presence of 
bromouracil, however, the inhibitory effect of nitrouracil is reversed; in 
the example chosen, the inhibition ratio is increased by a factor of about 
50 and becomes larger with increasing bromouracil concentrations. 

Whatever the explanation of these observations, it is obvious that 
bromouracil is not the product of the PGA enzyme system which “inhibi¬ 
tion analysis” indicates it to be. This illustrates the type of fallacy which 
may result from a too facile interpretation of metabolite-antimetabolite 
studies. It may very well be true that when the product of a known 
enzyme system can be supplied the system can be by-passed for growth 
purposes. It does not follow that every substance which relieves an inhibi¬ 
tion of a microorganism can be assumed to be a product, or substrate, of 
normal metabolism. 

WeUcome Research Laboratories George Ii. Hitching* 

Tuckahoe , New York Gertrude B. Elion 

Henry VanderWerff 
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4 Rogers, L. L., and Shive, W., J. Biol. Chem. } 172, 761 (1948). 

1 Hitchings, G. H., Falco, E. A., and Sherwood, M. B., Science , 102,251 (1945). 



TWO NEW REACTIONS PRODUCING ACETYL PHOSPHATE* 


Sira: 

During a study of the conversion of ethanol and acetate to caproate by 
an enzyme preparation obtained from Clostridium kluyveri 1 two new reac¬ 
tions producing acetyl phosphate have been observed. 

* 

Table I 


23 mg. of dry cell-free enzyme preparation in 2.0 ml. of 0.04 m veronal buffer, pH 
8.1, containing 0.001 m methylene blue and the indicated amounts of inorganic phos* 
phate ( Pi ) and organic substrates were shaken in air at 26 °. 


Substrate 

Pi initial 

Incu¬ 

bation 

time 

APi* 

AP»ot 

-Ot 

A 

acetate 
+ acetyl 
phosphate 

ap m 

-Oa 

AP„ 

API 


micro¬ 

moles 

min . 

micro¬ 

moles 

micro¬ 

moles 

micro¬ 

moles 

micromoles 



CHjCHO 

150 micromoles 

21 

120 

-17.8 

21.4 

10.7 

18.0 

2.00 

1.20 


151 

440 

<© 

CO 

iH 

1 

138 

66.2 

138 

2.10 

0.99 

CaHfiOH 

500 micromoles 

206 

640 

-112 

107 

133 

137 

0.78 

1.05 


* Method of Lipmann and Tuttle (Lipmann, F., and Tuttle, L. C., J. Biol, Chem. t 
153, 571 (1944)). 

f Method of Lipmann and Tuttle ( J . Biol. Chetn 159, 2f (1945)). 


Table II 


85 mg. of dry cell-free enzyme preparation in 5.0 ml. of 0.021 u phosphate buffer, 
pH 5.7, and the indicated amount of acetoacetate were incubated in vacuo in Thun- 
berg tubes for 4 hours at 26°. 


Acetoacetate, 

initial 

A 

acetoacetate* 

A acetate 

A Pi 

AP„ 

AP„ 

APi 

A acetate 

A acetoacetate 

micromoles 

micromoles 

micromoles 

micromoles 

micromoles 



175 

61.5 

115 

-30.5 

32.5 

1.06 

1.87 

337 

72.5 

150 

-38.0 

40.5 

1.06 

2.07 


♦Method of Jowett and Quastel (Jowett, M., and Quastel, J. H., Biochem. 
39 , 2145 (1935)). 


The first reaction is an oxidation of acetaldehyde in the presence of in¬ 
organic phosphate. In the absence of phosphate or arsenate, acetaldehyde 

♦ This work was supported in part by a research grant from the United States 
Public Health Service. 

1 Bornstein, B. T., and Barker, H. A., /. Biol. Chem, t 172, 659 (1948). 

1039 



1040 


LETTERS TO THE EDITORS 


is not oxidised. The oxidation can be carried out aerobically (Equation 1) 
with methylene blue as an electron carrier, or anaerobically, without 
methylene blue. 

CHjCHO + HP07 + JO* -> CH,COOPO a "+ H 2 0 (1) 

Under the latter conditions acetaldehyde apparently undergoes a dismuta- 
tion. During the oxidation of acetaldehyde, inorganic phosphate dis¬ 
appears and an almost equivalent quantity of a labile phosphate compound 
is formed (see Table I). 

The second reaction may be described as a phosphoroclastic decomposi¬ 
tion of acetoacetate (Equation 2). 

CHjCOCHjCOO- + HP07 -> CH 3 OOPO 7 + CHiCOO- ( 2 ) 

The data of Table II show that for each mole of acetoacetate decomposed 2 
moles of acetate (free acetate + acetyl phosphate) are formed. Inorganic 
phosphate disappears and an equivalent amount of acyl phosphate is 
formed. 

The amount of free acetate formed is considerably greater than that 
predicted by Equation 2; the excess acetate is probably due to a secondary 
hydrolysis of a part of the acetyl phosphate formed. 

The labile phosphate compound formed in both of the above reactions 
combines with hydroxylamine to give a hydroxamic acid under the condi¬ 
tions used by Lipmann and Tuttle. It is completely hydrolyzed in less 
than 10 minutes at room temperature by the Fiske-Subbarow phosphate 
reagent, and the rate of hydrolysis in 0.5 n HCl is identical with that of 
synthetic monoacetyl phosphate. 

Division of Plant Nutrition K. R. Htadtman - 

University of California H. A. Barker 

Berkeley 
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ISOLATION OF A PEPTIDE IN GUINEA PIG LIVER HOMOG¬ 
ENATE AND ITS TURNOVER OF LEUCINE* 


Sirs: 

Leucine was synthesized with C 14 in the carboxyl group. 10 mg. of the 
radioactive amino acid (dl) and 0.66 gm. (wet weight) of guinea pig liver 
homogenate were added to a reaction mixture containing 1.3 per cent of an 
amino acid mixture corresponding to the composition of casein and 0.006 M 
fumarate, all in a final volume of 4 ml. of isotonic saline solution 1 at pH 7.4. 
The reaction was carried out under oxygen for 6 hours at 38°. 

After precipitation of the proteins by boiling at pH 5.0, the non-protein 
filtrate was chromatographed on starch with a solvent mixture consisting 
of 1 part 0.1 n HC1, 2 parts of N-propanol, and 1 part of N-butanol accord¬ 
ing to the method of Moore and Stein. 2 A radioactive fraction was found 
which emerged from the column before the leucine. This fraction was 
concentrated and purified by chromatography on a smaller starch column. 
The distribution of the color on treatment with ninhydrin and the radio¬ 
activity gave a single zone of coinciding ninhydrin color and radioactivity. 

The fraction was hydrolyzed with boiling 20 per cent hydrochloric acid 
for 24 hours, the hydrolysate chromatographed on starch, the fractions 
analyzed with ninhydrin, and their radioactivity determined as before. 

Whereas before hydrolysis only one ninhydrin zone was obtained, after 
hydrolysis there were many zones. All the radioactivity was in the leucine 
fraction. 

Once the point of emergence of the peptide had been determined by its 
radioactivity, the non-protein filtrate of guinea pig liver (prepared without 
prior incubation or any additions) was chromatographed. A peptide was 
found which emerged in the same position as did that from the incubated 
digest. 

The identity of the amino acids giving the different ninhydrin zones after 
hydrolysis was determined by chromatography on filter paper* with known 
amino acids as references. The presence of the following was established; 

* This work is part of that done under contract with the Office of Naval Research, 
United States Navy Department. 

The C 14 used in this investigation was supplied by the Monsanto Chemical Com¬ 
pany, Clinton Laboratories, and was obtained on allocation from the United States 
Atomic Energy Commission. 

1 Borsook, H., and Dubnoff, J. W., J. Biol. Chem. t 171, 363 (1947). 

* Moore, S., and Stein, W. H., Federation Proc. t 7, 174 (1948). Stein, W. H., and 
Moore, S., Federation Proc 7, 192 (1948). 

3 Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. J. t 38 , 224 (1944). 
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alanine, aspartic acid, glutamic acid, glycine, leucine, methionine, phenyl¬ 
alanine, and proline. Other amino acids are present; complete amino acid 
analysis awaits collection of a sufficient amount of the peptide. 

The leucine “turnover,” estimated from the radioactivity of the leucine 
obtained after hydrolysis of the peptide, was 40 per cent in 6 hours. 

We have obtained evidence by methods similar to the above of other 
peptides in guinea pig liver. 

The authors are indebted to and wish to thank Dr. S. Moore and Dr. 
W. H. Stein of The Rockefeller Institute for Medical Research for their 
generosity and courtesy in giving the details of their method of starch 
chromatography and ninhydrin colorimetry prior to publication. 


William G. Kerckhoff Laboratories of the Biological 
Sciences 

California Institute of Technology 
Pasadena 


Henry Borhook 
Clara L, Deasy 
A. J. Haagen-Smit 
Geoffrey Keighley 
Peter H. Lowy 
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THE INCORPORATION OP ADENINE INTO PENTOSE AND 
DESOXYPENTOSE NUCLEIC ACIDS* 


Sirs: 

We have carried out an experiment in which labeled adenine 1 was fed and 
the pentose nucleic acids, PNA, (chiefly cytoplasmic) and the desoxy- 
pentose nucleic acids, DNA, (nuclear) were separated. The adenine was 
fed to five adult male rats at*a level of 27 mg. per kilo of body weight per 
day for 10 days. The separation of the two types of nucleic acids from the 
total viscera was carried out by an application of the Schmidt-Thannhauser 
technique. 2 Each nucleic acid fraction was shown 8 to be free of the other, 
within experimental error (±5 per cent). The purines were isolated from 




! From DNA fraction 

From PNA fraction 


N 

calcu¬ 

lated 

N 

found 

Atom ! 
per cent 
excess 
N» 

Calculated 
on basis of 
100 per 
cent N» in 
adenine fed 

N 

found 

Atom 
per cent 
excess 
N* 

Calculated 
on basis of 
100 per 
cent N“ in 
adenine fed 

Adenine (dietary). 



6.29 

100 


6.29 

100 

“ picrate*HjO. 

29.2 

28.9 

0.024 


29.4 

0.634 


“ (from picrate).... 



0.035 

! 0.55 


1.00 

15.9 

Guanine • HjSO* • H 2 0. 

33.4 

* 

0.024 

0.32 

34.2* 

0.572 

9.1 


* Because of the small sample obtained, this was characterized by counter-current 
distribution only, and the isotope analysis was performed on a diluted sample. 


each fraction and, by counter-current distribution, 4 each was shown to be 
free of the other. 

Analyses of the adenine and guanine isolated from each fraction (see 
the table) show that in the PNA fraction 15.9 per cent of the adenine and 
9.1 per cent of the guanine originated from the dietary adenine. In the 
purines of the DNA fraction, the low isotope concentrations indicate a 
replacement which is only 3.5 per cent of that obtained in the PNA frac¬ 
tion, or a ratio of PNA purine to DNA purine turnover of 29:1. Because 
of the uncertainties in the determination of PNA in the presence of large 
amounts of DNA, it is impossible to say that the N 1 * uptake observed in 

* The authors gratefully acknowledge the use of funds from the Office of Naval 
Research, the James Foundation, Inc., New York, and Lord and Taylor, New York. 

1 Brown, G. B., Roll, P. M., Pientl, A. A., and Cavalieri, L. F., /. Biol, Chem ., 178, 
469 (1948). 

* Schmidt, G., and Thannhauser, 8. J., J. Biol. Ghent., 161, 83 (1945). 

* Schneider, W. C., /. Biol. Chem., 164, 747 (1946). 

* Tinker, J. F., and Brown, G. B., J. Biol Chem ., 178, 585 (1948). 
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the DNA fraction may not be partially or entirely ascribed to contaminating 
PNA, and it is even conceivable that there is a fundamental difference in 
the origin of the purines of PNA and DNA. 

The PNA purine to DNA purine ratio of 29:1 (or greater) found for 
total viscera, after feeding labeled adenine for 10 days, is much higher than 
any of the comparable figures on phosphorus turnover, which range from 
1.66:1 to 7:1,* and emphasizes the extremely slow rate of turnover of the 
nucleic acid purines in the resting nucleus. If, as the available data indi¬ 
cate, the ratios of turnover of PNA purine to DNA purine and PNA P to 
DNA P are different, at least some portion of the phosphate moieties of a 
nucleic acid may be exchanged without the purines of the C-N skeleton 
being affected. 

Sloan-Ketlering Institute for Cancer Research George Bosworth Brown 

New York Mary L. Petermann 

Sidney S. Fttrst 


Received for publication, May 13, 1948 

8 Brues, A. M., Tracy, M. M., and Cohn, W. K., J. Biol. Chem., 165, 619 (1944). 
Hammarsten, E., and Hevesv, G., Acta physiol. Scand., 11, 335 (1946). Davidson, 
J. N., and Raymond, W., Biochem. 42, p. xiv (1948). 


ON THE CONVERSION OF PALMITIC ACID LABELED WITH 
RADIOACTIVE CARBON TO GLUCOSE BY THE 
ALLOXAN-DIABETIC RAT* 


Sirs: 

Although it is now well established that the carbon of lower fatty acids 
can be incorporated into the glucose molecule, 1-8 such a conversion for the 
carbon of long chain fatty acids has not hitherto been demonstrated. 

Palmitic acid labeled at its 6th carbon 4 was used in this investigation. 50 
mg. of this fatty acid dissolved in 1 cc. of corn oil were administered by 


C 11 administered as 

i 24 hr. excretion 
Rat j 

No. 1 . 

Per cent of C 14 
recovered 

i Specific activi- 
| ties* of urine 
j glucose 

$l>ecific 
activ- 
ityt of 
expired 

S.A.J CO* 
carbon 

S.A. glucose 
carbon 


i 

1 Urine 
glucose 

| Expired 

! Urine 

1 gluco'-c 

Expired 

j Osazone 

Oso- 

triazole 


! £**• 

| gn. 

1 






Palmitic acid 

1 1 4.0 

! 12.0 

3.9 

32.9 

123 

132 

520 

4.1 


2 1 0.9 

1 7.5 

I 2.5 

1 29.7 

364 

370 

754 

2.1 


j 3 ! 7.7 

j 14.9 

6.5 

j 23.7 

i 106 

108 

306 

2.9 


| 4 ; 6.S 

| 13.6 

i 6 7 

i 26.6 

; 126 

124 

377 

3.0 

Bicarbonate 

; 5 3.7 

j 15.2 

1 4 4 

' 73 

157 

152 

920 

6.0 


1 6 I 6.9 

i i 

17.6 

' 6.9 

| 72 

; 126 

134 

784 

6.0 


* Refers to counts per minute per mg. of glucose carbon of the 24 hour urine 
sample. 

t Refers to counts per minute per mg. of C0 2 carbon of the 24 hour C0 2 sample, 
t Specific activity. 


stomach tube to alloxan-diabetic rats and the urine of these animals col¬ 
lected for the next 24 hours. The rats had access to food. The urinary 
glucose was isolated as the osazone, which was then converted to the osotri- 
azole derivative. The results obtained with four rats are recorded in the 
table. The purity of the osazones and osotriazoles was established by the 
determination of nitrogen content, melting point, and the demonstration 
of identical specific activities for these two compounds (see the table). 

Since it has been shown that the carbon of C0 2 can be incorporated into 
glucose, 1 ’ 2 the excretion of radioactive glucose by fed alloxan-diabetic rats 

* Aided by a grant from the American Cancer Society (recommended by the 
Committee on Growth of the National Research Council). 

1 Buchanan, J. M., and Hastings, A. 1L, Physiol, Rev., 26, 120 (1946). 

* Wood, H. G„ Physiol. Rev., 26, 198 (1946). 

» Bloch, K., Physiol. Rev., 27, 574 (1947). 

4 Dauben, W. G., J. Am. Chem. Soc., in press. 
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injected with NaHC 14 Oi was also investigated. 1 cc. of isotonio saline con¬ 
taining 0.028 mM of NaHC 14 Oi was injected intraperitoneally into each of 
two alloxan-diabetic rats. The results of this experiment are recorded in 
the table. 

The absolute amounts of radioactivity found in urinary glucose were 
small in both experiments. In order to assess the r61e of C0 2 in the con¬ 
version of palmitic acid to glucose, the values for the ratio of specific ac¬ 
tivity of CO 2 carbon to specific activity of glucose carbon obtained in 
the two experiments were compared. 

The ratio for the C0 2 fixation experiment was 6.0. This indicates that 
1 of every 6 atoms, or about 16 per cent of the glucose carbon excreted by 
the alloxan-diabetic rat, was derived from bicarbonate carbon. This value 
is in good agreement with those reported by Solomon et al . for the fixation 
of carbon dioxide in glycogen by the normal rat. 6 

The fact that the values for this ratio in the palmitic acid experiment 
were much lower than 6 is of particular significance. This suggests that a 
process other than carbon dioxide fixation is involved in the incorporation 
of the 6th carbon of palmitic acid in glucose. 

Division of Physiology , University of California Med - I. L. Chaikoff 

ical School , arid the Department of Chemistry , S. R. Lebneh 

University of California C. Entenman 

Berkeley W. G. Dauben 

Received for publication, April 16, 1918 

& Solomon, A. K., Vennesland, B., Klemperer, F. W., Buchanan, J, M., and 
Hastings, A. B., ./. Biol. Chew., 140, 171 (1911). 




ACTIVITY OF CRYSTALLINE VITAMIN B w FOR CHICK 

GROWTH 

Sirs: 

Crystalline vitamin B 12, 1 when added to purified basal diets containing 
40 to 70 per cent soy bean meal as the sole source of protein, has been found 
to exhibit “animal protein factor” activity 2 in chicks obtained from hens 
fed an all vegetable protein ration. 2 The diets used were inadequate in the 
unidentified chick growth factor (or factors).described by other investi¬ 


Experi¬ 
ment No. 

Basal diet 

Supplement 

No. of 
chicks 

Weight at 
17 days 





!*• 

1 

40% soy bean meal 

None 

7,7 

113, 117 



0 .2% Wilson’s 1:20 

7 

130 

+ 


2 % Wilson’s L 

7 

131 



0.000003% vitamin Bi* 

7 

133 

2 

70% “ “ 

None 

7 

84 


1 

j 

j 0.3% Wilson’s 1:20 

7 

101 



1 0.000003% vitamin B 12 

7 

116 



0.0000006% vitamin B tJ 

7 

116 

3 

20 % casein 

None 

7,7 

98,99 


I 

0.2% Wilson’s 1:20 

7 

123 


1 

j 

2 % Wilson’s L 

7 

110 


] 

0.000003% vitamin Bi* 

7 

127 


! I 

0.0000006% vitamin Bi* 

7 

116 

4 

20 % “ 

None 

7 

100 



0 .2% Wilson’s 1:20 

7 

118 



2 % condensed fish solubles 

7 

125 


1 

1 

i 

0.0000015% vitamin B X2 

7 

146 


gators 4 since reportedly good crude sources of the animal protein factoi 
promoted appreciable increases in growth when fed as supplements to these 
basal diets. 

The percentage composition of the 40 per cent soy bean meal basal diet 
was as follows: soy bean meal 40, cerelose 37.9, salt mixture 6, # Ruffex 5. 

1 Rickes, E. L., Brink, N. G., Koniussy, F. R., Wood, T. R. # and Folkers, K., 
Science, 107, 396 (1948). 

* Scott, M. L., Norris, L. C., and Heuser, G. F., J. Biol, Chem ., 167, 261 (1947). 

1 Rubin, M., and Bird, H. R., Biol . Chem,, 163,393 (1946). 

4 Rubin, M., and Bird, H. R., J, Biol . Chem,, 168, 387 (1946). Nichol, C. A., 
Robblee, A. R., Cravens, W. W., and Elvehjem, C. A., J, Biol . Chem., 170,419 (1947). 
Combs, G.F., Heuser, G. F.,and Norris, L. C , f Poultry Sc., 37, 238 (1948). 

4 1 part of KHjP 0 4 and 6 parts of Salts 4 (J. Biol. Chem ., 138,459 (1941)). 
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wheat germ oil 4.5, calcium gluconate 2.5, glycine 2, DL-methionine 0.9, 
L-arginine 0.5, L-cystine 0.2, choline 0.2, AD powder (5000 A, 1000 D) 0.1, 
inositol 0.1, p-aminobenzoic acid 0.03, niacin 0.01, calcium pantothenate 
0.004, riboflavin 0.002, thiamine 0.002, pyridoxine 0.002, pteroylglutamic 
acid 0.004, menadione 0.0004, and biotin 0.00004. The 70 per cent soy 
bean meal diet contained 70 per cent soy bean meal, 7.9 per cent cerelose, 
and the remaining ingredients as listed above. The 20 per cent casein diet 
contained 20 per cent vitamin-free casein (Labco), and an additional 20.9 
per cent cerelose in place of the soy bean meal and methionine stated above. 

Typical growth data for day-old female white Leghorn chicks given the 
basal diet with or without supplements of crystalline vitamin Bi 2 , or various 
crude sources of the animal protein factor, are shown in the table. 

It is apparent that quantities of crystalline vitamin B i2 as small as 
6 y per kilo of diet stimulated growth of chicks fed diets low in the animal 
protein factor. Under these conditions the optimal growth requirement ap¬ 
peared to be less than 30 y per kilo of diet. 

Since the crystalline substance elicited growth responses comparable to 
those obtained by supplementation with crude sources of the animal protein 
factor, it is possible that vitamin B i2 is identical with or closely related to 
this factor. 

Merck Institute for Therapeutic Research and the Research Waltheb H. Ott 
Laboratories Edward L. Rickes 

Merck and Company , Inc. Thomas R. Wood 

Rahway , New Jersey 


Received for publication, June 1, 1948 



INFLUENCE OF ADRENALECTOMY AND FASTING ON THE 
INCORPORATION OF ISOTOPIC NITROGEN INTO THE 
TISSUES OF MICE* 


Sirs: 

Previous experiments suggested 1 that the growth of lymphoid structures 
of fasted, adrenalectomized animals resulted from immobility of lymphoid 
tissue nitrogen and translocation of nitrogen from other tissues. Experi¬ 
ments to test this hypothesis have been initiated with the aid of N u . 

20 gm. CBA male mice were employed. Adrenalectomized mice were 
used 48 hours postoperatively. All mice received 90 mg. (in 1.2 ml. of 


Tissue 

Atom per cent excess of N» 18 hrs. following last 
injection of isotope 

Per cent difference in 
N“ in adrenalectamixed, 
fasted w. intact, fasted 
mice 

Intact, fed 

. 

Intact, fasted 
66 hrs. 

Adrenalec to- 
mixed, fasted 66 
hrs. 

Liver 

0.417 

0.785 

0.803 

+2 

Gut 

0.439 

0.868 

0.954 

+10 

Kidney 


0.513 

0.553 

+8 

Spleen 

0.325 

0.397 

0.596 

+50 

Thymus and lymph 
nodes 

0.470 

0.706 

+50 

Serum proteins 

0.396 

0.941 

1.3*7 

+44 

Muscle 


0.055 

0 094 

+50 


HjO) of labeled glycine (32.0 atom per cent excess N 1S ) in six divided, intra- 
peritoneal injections over a period of 48 hours. Fasting was initiated at 
the time of the first injection of glycine, with 0.9 per cent sodium chloride 
available to adrenalectomized mice. Animals were exsanguinated, and se¬ 
lected organs and tissues from four animals were removed and pooled, 
ground while frozen, and extracted three times with cold 7 per cent tri¬ 
chloroacetic acid. The residues were freed of trichloroacetic acid, fat- 
extracted, and dried. Total serum proteins were precipitated from pooled 
sera of four animals by addition of an equal volume of 20 per cent tri¬ 
chloroacetic acid, and the precipitate treated as described above. Some 
typical data are shown in the table. 

* This investigation was aided by a grant from the Josiah Macy, Jr., Foundation 
and from the James Hudson Brown Memorial Fund of the Yale University School 
of Medioine. 

1 White, A., and Dougherty, T. F., Endocrinology, 41, 230 (1947). 
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It will be seen that the net rate of incorporation of nitrogen, injected 
as glycine, into tissues is more rapid in fasted than in fed animals. This 
rate is also more rapid in the spleen, lymphoid tissue, and serum protein* 
of adrenalectomized than in intact fasted mice. The difference in muscle 
is of questionable significance because of the low isotope concentration 
Moreover, the gastrocnemius muscle used for analysis may not be repre¬ 
sentative of all muscle. The findings confirm the retardation in nitrogen 
catabolism reported following adrenalectomy. 

The data are also of some interest in relation to the question of the site 
of synthesis of the serum proteins. The high isotope concentration in the 
serum proteins of intact, fasted animals, and particularly in the serum pro¬ 
teins of the adrenalectomized, fasted mice, is strikingly higher than that 
of any other tissue examined. Inasmuch as there is no difference in the 
isotope content of the livers of the two groups of fasted animals, whereat 
there is a marked difference in isotope concentration in the serum proteins, 
it would appear that a portion of the latter must be of extrahepatic origin 
The data are in contrast to those of Stoerk, John, and Eisen 2 who found 
that the rate of synthesis of serum proteins in rats was not affected by 
adrenalectomy. 

Departm$nt8 of Physiological Chemistry and Internal Abraham White 3 
Medicine Henry D. Hobkrman 

Yale University Clara M. Szeoo* 

New Haven 

Received for publication, June 5, 1948 

* Stoerk, H. C., John, H. M., and Eisen, H. M., Proc. Soc. Exp. Biol, and Med., 
66,25 (1947). 

•Present address, School of Medicine, University of California at Los Angeles, 
Lob Angeles, California. 



NUCLEOTIDE PYROPHOSPHATASE AND 
TRIPHOSPHOPYRIDINE NUCLEOTIDE 
STRUCTURE 


Sirs: 

DPN pyrophosphatase 1 in washed particles of rabbit kidney hydrolyzes 
diphosphopyridine nucleotide (DPN) at the pyrophosphate bond. Diffi¬ 
culties in purifying the kidney enzyme prompted the use of potato extracts 
in which Lowry 2 * has found a pyrophosphatase for flavin-adenine dinucleo¬ 
tide (FAD). From crude potato extracts, DPN pyrophosphatase was puri¬ 
fied over 600-fold by ammonium sulfate and ethanol fractionation, heating, 
and adsorption on alumina gel Cy. 

In the first four columns of the accompanying table, preparations at vari¬ 
ous stages of purification are compared with respect to pyrophosphatase 
activity on DPN, FAD, triphosphopyridine nucleotide (TPN), and adeno¬ 
sine triphosphate (ATP). The relative constancy in the ratios of DPN, 
TPN, and FAD activities suggests a single enzyme. With ATPase, con¬ 
stant ratios appeared only in more purified fractions, the early increase in 
ratio probably being due to the removal of Kalckar’s* ATPase. DPN 
strongly inhibited ATP splitting only in the purified fractions and FAD 
and TPN splitting in all fractions. The data suggest that the dinucleotide 
pyrophosphatase also breaks the pyrophosphate bonds of ATP. 

The position of the third phosphate in TPN has been studied with the 
purified pyrophosphatase. The last four columns of the table summarize 
an experiment in which 6.65 micromoles of TPN were split by incubation 
with 0.3 mg. of the most purified pyrophosphatase preparation in 2 ml. of 
0.025 M glycylglycinc buffer, pH 7.40, for 40 minutes at 37°. No adenylic 
acid 4 or orthophosphate was produced. Orthophosphate liberated by 10 
minutes hydrolysis at 100° in 1 n HjSO* (2.34 micromoles) was essentially 
unchanged. With lead acetate, a partial separation of the mononucleotide 
products was obtained. The insoluble fraction contained adenine and phos¬ 
phate in a ratio of approximately 1:2 and only 7 per cent of the nicotinam- 
ide-ribose moiety.* The soluble fraction contained phosphate and 
nicotinamide-ribose moiety in a ratio of approximately 1:1. The acid 
lability of the phosphate in the insoluble fraction approximated that of a 

1 Kornberg, A., and Liudberg, O., Federation Proc., 7, 105 (1948). 

2 Personal communication from Dr. O. H. Lowry. I am also grateful to Dr. S. P. 
Colo wick for suggesting potato as a source for DPN pyrophosphatase. 

* Kalckar, H. M., J. Biol. Chem., 1*7, 401 (1947). 

4 Tested with Schmidt’s deaminase (Kalckar, H. M., Science, 99, 131 (1944)). 

• Huff, J. W., and Perlrweig, W. A., J. Biol. Chem., 197, 157 (1947). 
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mixture of equal parts of adenosine-3-and adenosine-5-phosphate. How¬ 
ever, this fraction contained an organic phosphate impurity, the acid lability 


Purity of 
fractions* 


Ratioaf 


Substance estimated 

Reaction 

mixture 

(before 

incubation) 

Water- 
insoluble 
lead salts 

Water- 
soluble 
lead salts 

FAD 

TPN 

ATP 






micromoles j 

micromoles 

micromoles 

1 

2.4 

1.4 

1.3 

TPNf 

6.65 



7 

2.2 

1.8 

13 

Acid-labile P 

2.10 

2.48 

0.18 

46 

2.4 

1.2 

1 311 

Total P 

26.20 

16.40 

6.80 

293 

2.4 

1.2 

351 

Adenine § 

9.20 

8.41 


600 

2.4 

1.0 

i 335 

NMNf 



7.15 



i 


Nicoti nam ide-ribose 


0.49 

6.53 


* Based on DPN pyrophosphatase activity expressed in arbitrary units. 

t Ratio of DPN pyrophosphatase to FAD, TPN, or ATP pyrophosphatase. 

J Estimated spectrophotometrically by reduction with isocitric acid and isocitric 
dehydrogenase (Ochoa, S., J. Biol. Chom., 174, 133 (1948)). The purity of TPN 
was 0.65. It appears that an adenine nucleotide (not adenosine-5-phosphate) may 
be an impurity in this preparation. 

§ Ultraviolet absorption spectra of the water-insoluble andjwater-soluble fractions 
agreed with those of adenine and nicotinamide mononucleotide (NMN), respectively. 
The coefficients used were 16 X 10 3 X mole' 1 for adenine and 5 X 10* X mole' 1 for 
NMN at 260 m** The “adenine ,, of TPN was calculated by assuming an NMN con¬ 
tent of 6.65 micromoles. 

of which is unknown. Further study is required to establish which position 
on the ribose of adenosine is occupied by the third phosphate of TPN. 

Division of Physiology Arthijk Kornbkiig* 

National Institute of Health 
Bethesda t Maryland 

Received for publication, June 4, 1948 

• I am indebted to Mr. Win. K. Pricer, Jr., for valuable technical assistance. 
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Arginase: Cell nucleus, Bounce and 
Beyer, 859 

Arginine: Bacterial growth, effect, Vol - 
cani and Snell , 893 

Ascorbic acid: Dehydro-J-, determina¬ 
tion, 2,4- dinitrophenylhydrazine 
method, Roc, Mills, Oesterling, and 
Bamron, 201 

l- % determination, 2,4-dinitrophenyl- 
hydrazine method. Roe, Mills, Oes¬ 
terling, and Bamron, 201 

Atisine: Iso-, oxidation, Huebner and 
Jacobs, 1001 

Oxidation, Huebner and Jacobs, 1001 
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x B 

Bacillus: See also Lactobacillus 
Bacteria: Growth, canavanine and ar¬ 
ginine, effect, Volcani and Snell , 893 
—, measurement, factors affecting, 
Toennies and Gallant, 451 

Viruses, synthesis, Cohen, 281, 295 

See also Acetcbacter , Clostridium , Es¬ 
cherichia, Meningococcus, Staphylo¬ 
coccus, Streptococcus 

Bacterimetric studies: Toennies and 
Gallant , 451 

Bacteriophage (s): Desoxyribonucleic 

acid, phosphorus origin, Cohen, 

295 

Escherichia coli infected with, nucleic 
acid and protein synthesis, Cohen, 

281 

Barbituric acid: Thio-, lipide oxidation 
products and, reaction, Bemheim, 
Bemheim , and Wilbur, 257 

Benzylpenidllin: Radioactive sulfur- 
containing, isolation, counter-cur¬ 
rent distribution use, Sato , Barry, 
and Craig , 217 

Blood: Acetol, acetol, methyl alcohol, 
and formaldehyde administration, 
effect, Grant , 93 

Coagulation, inhibitor, Overman and 
and Wright, 759 

Gas, Van Slyke microvolume trie ap¬ 
paratus, Whiteley, 947 

Group A-specific substance, gastric 
mucoBa , Holzman and Niemann, 305 
Hyaluronidase inhibitor, Dorfman , Ott, 
and Whitney, 621 

Salicylate, determination, fluorophoto- 
metric, Saltzman, 399 

Blood cell: Red, pyrophosphatase, 
Naganna and Narayana menon, 

501 

Blood plasma: Iodide, inorganic, thyroid 
function, relation, Wolff and 
Chaikoff, 555 

Blood serum: Albumin, organic anions, 
combination, Teresi and Luck, 653 
—, — —, —, equilibrium dialysis, 
Teresi and Luck, 653 

—, tobacco mosaic virus and, inter¬ 
action, Lauffer, 481 


Blood s tram-continued: 

Cephalin, Sinclair , 343 , 355 

a-Estradiol solubility, Bischoff and 
Pilhom, 663 

Iron, determination, micro-, Burch, 
Lowry, Bessey, and Berson, 791 

Lecithin, Sinclair, 343 , 355 

Progesterone solubility, Bischoff and 
Pilhom, 663 

Proteins, injury effect, Gjessing , 
Ludewig, and Chanutin, 683 

Sphingomyelin, Sinclair , 343, 355 

Testosterone solubility, Bischoff and 
Pilhom, 663 

Vasoconstrictor, purification, Rapport , 
Green, and Page , 735 

Blood sugar: Arteriovenous differences, 
Somogyi, 189, 597 

See also Hyperglycemia, Hypoglycemia 
Bone: Phosphatase, DL-alanine, l- glu¬ 
tamic acid, L-lysine, and L-histidine, 
effect, Bodansky , 465 

C 

Calcium: Prothrombin, effect, Ware and 
Seegers, 565 

Canavanine: Bacterial growth, effect, 
Voleani and Snell, 893 

Neurospora growth, effect, Horowitz 
and Srb , 371 

Carbamyl-L -glutamic acid: Citrulline 
Bynthesis, r61e,. Cohen and Grisolia , 

389 

Carbinol: Quinolylpiperidyl-, disso¬ 

ciation exponents, Irvin and Irvin, 

577 

Carbohydrate(s): Metabolism, shock 
effect, Goranson, Hamilton, and 
Haist, 1 

Carbon: Radioactive, alanine labeled 
with, liver protein, incorporation, 
dinitrophenol effect, Frantz, Zamec- 
nik , Reese, and Stephenson, 773 
—, palmitic acid labeled with, glucose 
from, alloxan diabetes, Chaikoff, 
Lerner, Entenman , and Dauben, 

1045 

—, DL-tyrosine labeled with, mel&no- 
sarcoma, distribution, Reid and 
Jones , 427 
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Carbon dioxide: Fixation # dicar boxylic 
acid biosynthesis, r6Ie, Ochoa, 
Mekler, and Komberg, 979 

— f tricarboxylic acid synthesis, r61e, 
Ochoa , 115 

Ochoa and Weisz-Tabori, 123 

Ochoa , 133 

—, — acids, enzymatic mechanisms, 
Ochoa , 133 

Carboxylase: Oxaiosuccinic, Ochoa and 
Weisz-Tabori, * 123 

Carboxylic acid(s): Di-, biosynthesis, 
carbon dioxide fixation r61e, Ochoa , 
Mehler , and Kornberg , 979 

Pyrrolidone-, polarimetry, Kibrick , 

' 845 

Tri-, biosynthesis, carbon dioxide 
fixation r61e, Ochoa, 115 

Ochoa and Weisz-Tabori, 123 

, Ocftoa, 133 

—, carbon dioxide fixation, enzymatic 
mechanisms, Ochoa , 133 

Cell: Nucleus, arginase, Bounce and 
Beyer, 859 

Cephalin: Blood serum, Sinclair, 343 
Chick: Growth factor, manure, Bird, 
Rvbin,andGroschke , 611 

— —^ ^ stability and solubility, 

Bird , Rubin , and Groschke, 611 

—, vitamin Bj 2 , crystalline, effoct, 0«, 
Riches, and Wood , 1047 

Cholesterol: -High maternal diet, fetus 
vitamin A, effect, Williamson, 631 
Cholinesterase: Nachmansohn , Rothen- 
6erp, and FeW, 247 

Inhibition, kinetics, Nachmansohn, 
Rothenberg , and FeJd, 247 

Chymotrypsin: Enzyme, intracellular, 
relation, Gutmann and F rut on, 

851 

CitrulUne: Synthesis, carbamyl-L- 

giutamic acid rdle, Cohen and 
Grisolia , 389 

Clostridium perfringens: Amino acid 
determination, use, Boyd, Logan, 
and Tytell , 1027 

Growth requirements, Boyd, Logan, 
and Tytell, 1013 

Coagulation: Blood, inhibitor, Overman 
and Wfight, 759 


Coenzyme; A, determination and distri¬ 
bution , Kaplan and Lipmann, 37 
—, pantothenic acid, determination, 
Heg8ted and Lipmann, 89 

Copper: Radioactive, fate, cattle, Co¬ 
mar, Davie, and Singer, 905 

Cystine: Determination, spectrophoto- 
metric, Folin, reducers, computa¬ 
tion, Winegard and Toenniee, 45 
Cytidylic acid: Nucleic acid, yeast, prep¬ 
aration, Loring , Roll, and Pierce, 

729 

D 

Dehydro-!*ascorbic acid: Determi¬ 
nation, 2,4-dinitrophenylhydrazine 
method, Roe , Mills, Oeeterling, and 
Damron, 201 

Desoxypentose nucleic acid: Adenine in¬ 
corporation, Brown , Petermann , and 
Furet, 1043 

Desoxyribonucleic acid(s): Bacteri¬ 
ophages, phosphorus origin, Cohen, 

295 

Diabetes: Alloxan, palmitic acid labeled 
with radioactive carlxrn, glucose 
from, Chaikoff, Lerncr, Entenman , 
and Dauben , 1045 

Diammonium uridylate: Nucleic acid, 
yeast, preparation, Loring, Roll, and 
Pierce, . 729 

Diaphragm: Glycogen synthesis, hypo- 
physectomy effect, Perlmutter and 
Greep, 915 

— uptake, hypophyeectoray effect, 
Perlmutter and Greep , 915 

Krahl and Park, 939 

Dicarboxy lie acid (s): Biosynthesis, 
carbon dioxide fixation r61e, Ochoa , 
Mehler, and Kornberg, 979 

Dihydrodiphosphopyridine: Nucleotide, 
oxygen and, electron transport, 
coupled phosphorylation, Friedkin 
and Lehninger , 757 

Diketo-Z-gulonic acid: Determination, 
2,4-dinitrophenylhydrazine method, 
Roe, Mills, Oeeterling, and Damron, 

201 

DimethyU/3-propiothetitt: Methyl donor, 
Maw and du Vigneaud, 381 
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dimethyl the tin i Methyl donor, du 
Vigneaud, Moyer, and Chandler , 477 
Dinitrophenol: Liver protein, radio¬ 
active carbon-labeled alanine in¬ 
corporation, effect, Frantz, Zamec- 
nik, Reese , and Stephenson , 773 

Dinitrophenylhydrazine: 2,4-, diketo-/- 
gulonic acid, dehydro-/-ascorbic acid, 
and /-ascorbic acid determination, 
use in, Roe, Mills, Oesterling , and 
Damron, 201 

Distillers' soluble (s): Growth factor, 
Novak and Hauge, 235 

-, isolation, Novak and Hauge, 

647 

Distribution studies: Barry, Sato , and 
Craig, 209 

jSa/o, Barry, and Craig , 217 

Barry, Sato, and Craig , 221 

E 

Embryo: Chick, nicotinic acid synthesis, 
tryptophan relation, Schweigert, Ger¬ 
man, and Garber, 383 

Enzyme (s): Carbon dioxide fixation, tri¬ 
carboxylic acids, mechanisms, Ochoa, 

133 

Inhibition, sulfhydryl reagents, mech¬ 
anism, Singer, 11 

Isocitratepyruvate oxidation-reduc¬ 
tion, mechanism, Mehler, Kornherg, 
Grisolia, and Ochoa , 961 

Kinetics, colorimetric ninhydrin deter¬ 
mination, use in study, Schwert, 411 
Liver, /-malic acid decarboxylation, 
effect, Ochoa, Mehler, and Kornherg, 

979 

Malate-pyruvate oxidation-reduction, 
mechanism, Mehler, Kornherg , Gri¬ 
solia, and Ochoa, 961 

Myrothecium verrucaria, Saunders, 
Siu, and Genest, 697 

Proteolytic, tissue, Gutmann and 
Fniton, 851 

See also Adenosine triphosphatase, 
Arginase, Carboxylase, Cholines¬ 
terase, Chymotrypsin, Hyaluroni- 
dase, Oxidase, Phosphatase, Pyro¬ 
phosphatase 

Erythrocyte (s): See Blood cell, red 


Erythropoie8is: Fetus, sulfonamide in 
maternal diet, effect, Williamson 
and Appel, 769 

Escherichia coli: B, bacteriophage-in¬ 
fected, nucleic acid and protein 
synthesis, Cohen, 281 

Growth, amino acid specificity, Ko - 
hayashi, Fling, and Fox, 391 

Mutant strains, proline derivatives, 
utilization, Simmonds and Fruton, 

705 

-, sulfur-containing amino acids, 

utilization, Simmonds , 717 

Protein synthesis, effect, Melchior, 
Mellody, and Klotz, 81 

Esterase: Cholin-. See Cholinesterase 
Estradiol: a-, blood serum solubility, 
Bischoff and Filhorn, 663 

—, protein solution solubility, Bischoff 
and Pilhorn, 663 

—, salt solution solubility, Bischoff 
and Pilhorn, 663 

Estrone-, fraction, estriol partition, 
Friedgood, Garst, and Haagen-Smit, 

523 

Estriol: Estrone-estradiol fraction, 

partition, Friedgood , Garst , and 
Haagen-Smit, 523 

Estrogen (s): Androgens, separation, 
Friedgood, Garst, and Haagen-Smit, 

523 

Determination, micro-, spectrophoto- 
metric, Friedgood, Garst, and 
Haagen-Smit, 523 

Estrone: -Estradiol fraction, estriol 
partition, Friedgood, Garst, and 
Haagen-Smit, 523 

F 

Fasting: Tissue nitrogen, isotopic, effect, 
White, Hoberman, and Szego, 

1049 

Fatty acid(s): Determination, chromato¬ 
graphic, Peterson and Johnson, 775 
Fetus: Erythropoiesis, sulfonamide in 
maternal diet, effect, Williamson 
and Appel, 769 

Vitamin A, cholesterol-high maternal 
diet, effect, Williamson, 631 

Folic acid: Liver, Olson, Fager, Burns , 
and Elvehjem , 319 
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Formaldehyde: Blood acetol, adminis¬ 
tration effect, Grant , 93 

-Protein reaction, Fraenkd-Conrat and 
Olcott, 827 

Fungus: 2-Methoxy-1,4-naphthoquinone 
action, Little, Sproston , and Foote , 

335 

See also Myrothecium 

G 

Gas: Blood, Van Slyke micro volume trie 
apparatus, Whiteley t 947 

Glucose: Extrahepatic, assimilation, 
alimentary hyperglycemia, relation, 
Somogyi, 189 

—, —, hypoglycemia, relation, 

Somogyiy 597 

Palmitic acid conversion to, radioactive 
j carbon-labeled, alloxan diabetes, 
Chaikoff, Lernery Entenman, and 
Davben, 1045 

Phosphorylation, meningococcal endo¬ 
toxin effect, Kun, 761 

Uptake, diaphragm, hypophysectomy 
effect, Perlmuttcr and Creep, 915 
Krahl and Parky 939 

Glutamic acid: Carbamyl-L-, citrulline 
synthesis, r61e, Cohen and Grisolia, 

389 

L-, phosphatase, intestine, Ixme, and 
kidney, effect, Bodansky , 465 

Polarimetry, Kibrick , 845 

Pteroyl-. See Pteroylglutamic acid 
Glycine: Hemoglobin biosynthesis, use, 
Qrinsteiny Kamen, and Moore , 767 

Glycogen: Synthesis, diaphragm, hy¬ 
pophysectomy effect, Perlmutter and 
Greepy 915 

Growth: Bacteria, canavanine and argi¬ 
nine, effect, Volcani and Snell , 893 
—, measurement, factors affecting, 
Toennies and Gallant , 451 

Biochemical transformations, Harding 
and Skive , 743 

Chick, vitamin B w , crystalline, effect, 
Otty RickeSy and Wood , 1047 

Clostridium perfringens, Boyd t Logan , 
and TyteU , 1013 

Escherichia coli f amino acid specificity, 
Kobayashiy Fling , and Fox } 391 
Factor, Colio and Babb , 405 


Growth— continued: 

Factor, chick, manure, Bird t Rubin f 
and Groschkey 611 

—, —, —, stability and solubility, 
Birdy Rubin , and Groschke , 611 

*—, distillers’ solubles, Novak and 
Hauge f 647 

— # - 1 isolation, Novak and Hauge f 

235 

Methionine-deficient diet, i>L-homo- 
serine effect, Armstrong and Sink - 
ley, • 889 

Methionine-leucine relation, Harding 
and Shive , 743 

Microbial, 0-2-thienylalanine effect, 
Fergcr and du Vigneaudy 241 

Neuro8pora y canavanine, effect, 
Horowitz and Srb f 371 

Niacin - tryptophan - deficient diets, 
amino acids, effect, Hankes, Hender- 
son , Brickson, and Elvehjetn f 873 
n-Tyrosine effect, Bubl and ButtSy 

637 

Gulonic acid: Diketo-J-, determination, 
2,4-dinitrophenylhydrazine method, 
Roc, Mills, Oesterling , and Damron , 

201 

H 

Hemoglobin: Biosynthesis, glycine use, 
Grinslein , Rumen, and Moore, 767 

Heparin: Preparations, inhomogeneity, 
Jensen,* Snellman, and Sylv&n , 265 

Hesperidin: Hyaluronidase, effect, 

Beiler and Martin , 31 

Histidine: L-, phosphatase, intestine, 
bone, and kidney, effect, Bodansky, 

465 

Homoserine: dl-, methionine-deficient 
diet, growth, effect, Armstrong and 
Binkley , 889 

Hormone (s): Steroid, biological sys¬ 
tems, Bischoff and Pilhorn , 663 

Hyaluronidase; Blood, inhibitor, Dorf- 
man , Ott, and Whitney, 621 

Hesperidin effect, Beiler and Martin , 

31 

Hydroxy-L-proline: Oxidation, periodate 
effect, Carter and Loo , 723 
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Hyperglycemia: Alimentary, glucose, Kidney: Phosphatase, DL-alanine, L-glu 


extrahepatic, assimilation, relation, 
Somogyi , 189 

Hypoglycemia: Glucose, extrahepatic, 
assimilation, Somogyi, 597 

Hypophysectomy: Diaphragm gluco&e 
uptake, effect, Perlmutter and Greep, 

915 

Krahl and Park , 939 

—,glycogen synthesis, effect, PerlmuU 
ter and Greep, 915 

I 

Imidazole: Amino groups, cross-linking, 
Fraenkel-Conrat and Olcott, 827 
Indole group(8): Amino groups, cross- 
linking, Fraenkel-Conrat and Olcott, 

827 

Inhibition: Analysis, limitations, Hitch - 
ings, Elion, and VanderWerff , 1037 

Injury: Blood serum proteins, effect, 
Gjessing, Ludewig , and Chanutin, 

683 

Inositol: Isomers, oxidation, Acetobacter 
suboxydans r61e, Magasanik and 
Chargaff , 173 

Oxidation, Acetobacter suboxydans, 
Carter , Belinskey, Clark, Flynn , 
Lytle, McCasland , and Robbins, 

415 

Intestine: Phosphatase, DL-alanine, l- 
glutamic acid, L-lysine, and l- 
histidine, effect, Bodansky, 465 
Iodide: Inorganic, blood plasma, thyroid 
function, relation, Wolff and Chaikoff , 

555 

Iron: Blood serum, determination, 
micro-, Burch, Lowry , Betsey, and 
Berson , 791 

Isoatisine: Oxidation, Huebner and 
Jacobs, 1001 

Isocitrate: -Pyruvate oxidation-reduc¬ 
tion, enzymatic mechanism, Mehler , 
Romberg, Grisolia , and Ochoa, 961 

K 

Keto acid(s): £-, decarboxylation, spec¬ 
trophotometry, Romberg , Ochoa, 
and Mehler, . 159 

Ketone bodies: Determination, Lesfor 
and Gfaenheig, 903 


tamic acid, L-lysine, and L-histidine, 
effect, Bodansky , 465 

iSee a/«o Nephrectomy 

L 

Lactobacillus casei: Nutrition, factors, 
Daniel, Scott, Heuser, and Norris , 

71 

Lecithin: Blood serum, Sinclair, 343 
Leucine: Growth, methionine relation, 
Harding and Shive, 743 

Liver homogenate peptide, relation, 
Borsook, Deasy, Haagen-Smit, 
Keighley, and Lowy, 1041 

Lipide(s): Oxidation products, thiobar- 
bituric acid and, reaction, Bemheim, 
Bemheim, and Wilbur, 257 

Liver: Enzyme, /-malic acid decarboxyl¬ 
ation, effect, Ochoa, Mehler , and 
Koniberg, 979 

Folic acid, Olson, Pager, Burris, and 
Elvehjem, 319 

Homogenate peptide, isolation, Bor- 
took, Deasy, Haagen-Smit, Keighley , 
and Lowy, 1041 

— —, leucine turnover, Borsook, 
Deasy, Haagen-Smit, Keighley, and 
Lowy, 1041 

Protein, radioactive carbon-labeled 
alanine incorporation, effect, Frantz, 
Zamecnik, Reese, and Stephensm, 

773 

Lymphoid tissue: Antibody, release, 
Roberts, Adams, and White, 379 
Lysine: L-, phosphatase, intestine, bone, 
and kidney, effect, Bodansky, 465 
Synthesis, Neurospora, Mitchell and 
Houlahan, 883 

M 

Magnesium: Muscle adenosinetriphos- 
phatase activation, relation, Kielley 
and Meyerhof , 387 

Malaria: See also SN-3294, SN-13276 
Malate: -Pyruvate oxidation-reduction, 
enzymatic mechanism, Mehler , 
Romberg, Grisolia, and Ochoa, 


961 
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Malic add: I-, decarboxylation, liver 
enzyme effect, Ochoa, Mehler , and 
Komberg , 979 

Manure: Chick growth factor, Bird, 
Rubin, and Groschke, 611 

-, stability and solubility, 

Bird, Rubin, and Groschke, 611 
Melanosarcoma: DL-Tyrosine labeled 
with radioactive carbon, distribu¬ 
tion, Reid and Jones, * 427 

Meningococcus: Endotoxin, glucose 
phosphorylation, effect, Kun, 761 
Methionine : -Deficient diet, dl- 

homoserine, growth, effect, Arm¬ 
strong and Binkley, 889 

Growth, leucine relation, Harding and 
Shive, 743 

Oxy-, lipotropic activity and toxicity, 
, Shaffer and Critchfield , 489 

Methoxinine: Lipotropic activity and 
toxicity, Shaffer and Critchfield t 

489 

Methoxy - 1,4 - naphthoquinone: 2-, 

naturally occurring, isolation and 
antifungal action, Little , Sproston, 
and Foote, 336 

Methyl alcohol: Blood acetol, adminis¬ 
tration effect, Grant , 93 

Methyl group: Donor, dimethyl-0- 
propiothetin, Maw and du Vigneaud , 

381 

—, dimethylthetin, du Vigneaud , 
Moyer , and Chandler , 477 

Mold: See also Neurospora 
Monomethyl-L-amino acid(s): De- 
methylation, oxidative, Ling and 
Tung , 643 

Mosaic: Tobacco, virus, blood serum 
albumin and, interaction, Lauffer, 

481 

Muscle: Adenosinetriphosphatase, mag¬ 
nesium-activated, Kielley and 
Meyerhof, 387 

Myosin: Birefringence of flow, Binkley , 

385 

Myrothecium verrucaria: Enzyme, 
Saunders, Siu, and Genest, 697 

N 

Naphthoquinone: 2 - Methoxy - 1,4-, 
naturally occurring, isolation and 


Naphthoquinone—conftnwed.- 

antifungal action, Little, Sproston, 
and Foote, 335 

Nephrectomy: Nitrogen metabolism 
study, use, Engel , Pentz , and Engel, 

99 

Neurospora: Growth, canavanine effect, 
Horowitz and Srb, 371 

Lysine synthesis, Mitchell and 
Houlahan, 883 

Niacin : Tryptophan-, transformation, 
pyridoxine deficiency, effect, Ling, 
Hegsted, and Stare, 803 

-Tryptophan-deficient diets, amino 
acids, growth effect, Hankee, Hen - 
derson, Brickson, and Elvehjem, 

873 

Nicotinic acid: Synthesis, chick embryo, 
tryptophan relation, Schweigert, 
German, and Garber, 383 

Ninhydrin: Determination, colorimetric, 
enzyme kinetics, use in study, 
Schwerl, 411 

Nitrogen: Isotopic, tissue, adrenalec¬ 
tomy and fasting effect, White, 
Hoberman, and Szego, 1049 

Metabolism, * nephrectomy effect, 
Engel , Pentz , and Engel, 99 

Nucleic acid: Desoxypentose, adenine 
incorporation, Brown, Petermann, 
and Furst, 1043 

Desoxyribo-. See Desoxyribonucleic 
acid 

Pentose, adenine incorporation, Brown, 
Petermann, and Furst, 1043 

Synthesis, Escherichia coli B, bacterio¬ 
phage-infected, Cohen, 281 

Yeast, cytidylic aoid and diammonium 
uridylate preparation, Loring, Roll , 
and Pierce, 729 

Nucleotide: Triphosphopyridine, chem¬ 
ical constitution, Komberg , 1051 

Nucleotide pyrophosphatase: Chemical 
constitution, Komberg, 1051 

Nucleus: Cell, arginase, Bounce and 
Beyer, 869 

Nutrition: Lactobacillus casei, factors, 
Daniel, Scott, Houser, and Norris, 

71 
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O 

Oxalotuccinic acid: Preparation and 
properties, Ochoa , 115 

Oxalocuecinic carboxylase: Ochoa and 
Weisz-Tabori, 123 

Oxidase: Xanthine, related enzymes 
and, 6-pteridyl aldehyde effect, 
Kalckar , Kjeldgaard, and Klenow, 

771 

Oxygen: Dihydrodiphosphopyridine nu¬ 
cleotide and, electron transport, 
coupled phosphorylation, Friedkin 
and Lehninger , 757 

Oxymethionine: Lipotropic activity 

and toxicity, Shaffer and Critch- 
field , 489 

P 

Palmitic acid: Radioactive carbon-la¬ 
beled, glucose from, alloxan diabetes, 
Chaikoff, Lerner, Entenman, and 
Davben , 1045 

Pamaquine: Determination, fluoromet- 
ric, Irvin and Irvin, 589 

Dissociation exponents, Irvin and 
Irvin , 577 

Pantothenic acid: King and Cheldelin, 

273 

/5-Alanine utilization, relation, King 
and Cheldelin , 273 

Coenzyme A, determination, Hegsled 
and Lipmann , 89 

Propionic acid utilization, relation, 
King and Cheldelin , 273 

Penicillin: Benzyl-, radioactive sulfur- 
containing, isolation, counter-cur- 
rent distribution use, Sato, Barry, 
and Craig, 217 

Crystalline, purity, counter-current 
distribution use, Barry, Sato, and 
Craig, 221 

Pentose nucleic acid: Adenine incor¬ 
poration, Brown, Petermann, and 
Fur at, 1043 

Peptide: Liver homogenate, isolation, 
Boraook, Demy, Haagen-Smit, 
Keighley , and Lowy, 1041 

-, leucine turnover, Boraook, 

• Demy, Haagen-Smit, Keighley, and 
Lowy, 1041 


Periodate: Hydroxy-L-proline oxidation 
by, Carter and Loo, 723 

Phenol: Amino groups, cross-linking, 
Fraenkel-Conrat and Olcott, 

827 

Phenylalanine: l-, decarboxylation, 
Streptococcus faecalia r61e, McGil- 
very and Cohen, 813 

Phosphatase: Adenosinetri-, muscle, 
magnesium-activated, Kielley and 
Meyerhof , 387 

Bone, DL-alanine, L-glutamic acid, l- 
lysine, and L-histidine, effect, 
Bodansky, 465 

Intestine, DL-alanine, L-glutamic acid, 
L-lysine, and L-histidine, effect, 
Bodansky , 465 

Kidney, DL-alanine, L-glutamic acid, 
L-lysine, and L-histidine, effect, 
Bidansky, 465 

Pyro-, blood cell, red, Naganna and 
Narayana menon , 501 

—, nucleotide, chemical constitution, 
Komberg , 1051 

Phosphate (s): Metabolism, shock effect, 
Goranson, Hamilton, and Haiat, 

1 

Phosphatidyl serine: Chemical constitu¬ 
tion, Folch, 439 

Phosphorus: Bacteriophage desoxyri¬ 
bonucleic acids, origin, Cohen, 

295 

Phosphorylation: Coupled, dihydrodi¬ 
phosphopyridine nucleotide and 
oxygen electron transport, Friedkin 
and Lehninger, 757 

Glucose, meningococcal endotoxin 
effect, Kun, 761 

Pituitary: See also Hypophysectomy 
Potassium: Isotopes, biological material, 
distribution, Mullins and Zerahn, 

107 

Pregnancy: Sulfonamide in diet, ery- 
thropoiesis in fetus, effect, William¬ 
son and Appel, 769 

Pregnen-3(j3)-ol-20-one: 5-, testis 

extract, isolation and identification, 
Haines, Johnson , Goodwin , and 
j| Kuizenga, 925 
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Progesterone: Blood serum solubility, 
Bischoff and Pilhom, 663 

Protein solution solubility, Bischoff 
and Pilhom , 663 

Salt solution solubility, BiachojJ and 
Pilhom , 663 

Proline: Derivatives, Eacherichia coli 
mutant strains, utilization, Sim - 
monda and Fruton, 705 

Hydroxy-L-, oxidation, periodate^effect, 
Carter and Loo, 723 

Propionic acid: Utilization, pantothenic 
acid relation, King and Cheldelin , 

273 

Protein(s): Blood serum, injury effect, 
Gjessing, Ludewig, and Chanuiin, 

683 

-Formaldehyde reaction, Fraenkel-Con- 
rat and Olcolt , 827 

Liver, radioactive carbon-labeled 
alanine incorporation, effect, Frantz , 
Zamecnik, Reese, and Stephenson, 

773 

Solutions, testosterone, progesterone, 
and a-estradiol solubility, Bischoff 
and Pilhom , 663 

Synthesis, Escherichia coli B, bacterio¬ 
phage-infected, Cohen , 281 

— t -effect, Melchior, Mellody , and 

Klotz , 81 

Proteolysis: Enz3Tnes, tissue, Gutmann 
and Fruton , 851 

Prothrombin: Calcium effect, Ware and 
Seegers, 565 

Purification, Ware and Seegers, 565 
Thrombin effect, Ware and Seegers , 

565 

Thromboplastin effect, Ware and 
Seegers , 565 

Pteridyl aldehyde: 6-, xanthine oxidase 
and related enzymes, effect, Kalckar , 
Kjeldgaard, and Klenow , 771 

pteroylglutamic acid: Analogues, 

Woolley and Pringle , 327 

Pyrimidine derivatives, relation, 
Hitchings , Elion, VanderWerff , and 
Fafeo, 705 

Pyridine: Dihydrodiphospho-, nucleo¬ 
tide, oxygen and, electron trang- 


Pyridlde— continued: 

port, coupled phosphorylation, Fned- 
fctn and Lehninger , 757 

Pyridoxins: Deficiency, tryptophan- 
niacin transformation, effect, Jdnp, 
Hegated, and Stare , 803 

Displacement, Martin , Ava&tan, and 
Moss, 495 

Pyrimidine: Derivatives, pteroyl¬ 

glutamic acid, relation, Hitchings, 
Elion, VanderWerff, and Falco, 765 
Pyrophosphatase: Blood cell, red, Na- 
panna and Narayana menon , 501 
Nucleotide, chemical constitution, 
Kornberg, 1051 

Pyrrolidonecarboxylic acid: Polarira- 
etry, Kibrick , 845 

Pyruvate: Isocitrate-, oxidation -reduc¬ 
tion, enzymatic mechanism, Mehler, 
Kornberg, Grisolia, and Ochoa, 961 
Malate-, oxidation-reduction, enzy¬ 
matic mechanism, Mehler , Kornberg, 
Grisolia, and Ochoa , 961 

Q 

Quinine: Dissociation exponents, Jmn 
and Jmn, * 577 

Quinolylpiperidylcarbinol: Dissociation 
exponents, Irvin and Irvin , 577 

S 

Salicylate: Blood, determination, fluor- 
ophotometric, Saltzman , 399 

Salt: Solutions, testosterone, proges¬ 
terone, and a-estradiol solubility, 
Bischoff and Pilhom, 663 

Sarcoma: Melano-, DL-tyrosine labeled 
with radioactive carbon, distribu¬ 
tion, Reid and Jones, 427 

Scurvy: Antipernicious anemia extracts 
and tyrosine metabolism, relation, 
Sealock and Lepow, 763 

Serine: Homo-. See Homoserine 
Phosphatidyl, chemical constitution, 
Folch, f 439 

Shock: Carbohydrate metabolism, effect, 
Goranson, Hamilton, and Hoist , 1 

Phosphate metabolism, effect, Goran - 
son, Hamilton, and Haist , 1 
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SN*8894: Determination, fluorometrie, 
* Irvin and Irvin , 589 

SN<*13878: Determination, fluorometric, 
Irvin and Irvin, 589 

Sphingomyelin: Blood serum, Sinclair , 

343, 355 

Staphylococcus: Toxin, solubility, 

Wittier and Pillemer, 23 

Steroid(s): Hormones, biological sys¬ 
tems, Bischoff and Pilkom , 663 

Stomach: Mucosa, blood group A-specific 
substance, Holzman and Niemann , 

305 

Streptococcus faecalis: L-Phenylalanine 
decarboxylation, rdle, McGilvery and 
Cohen , 813 

Streptomycin: Counter-current distri¬ 
bution, Titus and Fried , 57 

Tautomerism, Titus and Fried, 57 
Succinic: Oxalo-, carboxylase, Ochoa and 
Weisz-Tabori, 123 

Succinic acid: Oxalo-, preparation and 
properties, Ochoa , 115 

Sugar: Blood. See Blood sugar 
Sulfhydryl reagent(s): Enzyme inhibi¬ 
tion, mechanism, Singer, 11 

Sulfonamide: Maternal diet, erythro- 
poiesis in fetus, effect, Williamson 
and Appel , 769 

Sulfur: -Containing amino acids, 

Escherichia coli mutant strains, 
utilization, Simmonds , 717 

Badioactive, benzylpenicillin con¬ 
taining, isolation, counter-current 
distribution use, Sato, Barry , and 
Craig , 217 

T 

Testis: Extract, Haines , Johnson , Good - 
win, and Kuizenga , 925 

—, 5-pregnen-3(0)-ol-2O-one isolation 
and identification, Haines , Johnson, 
Goodwin , and Kuizenga, 925 

Testosterone: Blood serum solubility, 
Bischoff and Pilhom, 663 

Protein solution solubiUty, Bischoff 
and Pilhom, 663 

Salt solution solubility, Bischoff and 
Pilhom , 663 


Thetin: Dimethyl-, methyl donor, du 
Vigneaud , Moyer, and Chandler , 477 
Dimethyl -0-propio-, methyl donor, 
Afaw and du Vigneaud , 381 

Thienylalanine: 0-2-, optical isomers, 
microbial growth, effect, Ferger and 
du Vigneaud , 241 

Thiob&rbituric .acid: Lipide oxidation 
products and, reaction, Bemheim, 
Bemheim , and W#6wr, 257 

Thrombin: Pro-. Prothrombin 
Prothrombin, effect, Ware and Seegers , 

565 

Thromboplastin: Prothrombin, effect, 
Ware and Seegers, 565 

Thyroid: Function, blood plasma in¬ 
organic iodide relation, Wolff and 
Chaikoff, 555 

Tobacco: Mosaic virus, blood serum 
albumin and, interaction, Lauffer, 

481 

Toxin (s): Immunochemistry, Wittier 
and Pillemer t 23 

Staphylococcus , solubility, Wittier 
and Pillemer, 23 

Toxoid (s): Immunochemistry, Wittier 
and Pillemer, 23 

Tricarboxylic acid(s): Biosynthesis, 
carbon dioxide fixation rdle, Ochoa, 

115 

Ochoa and Weisz-Tabori, 123 

Ochoa , 133 

Carbon dioxide fixation, enzymatic 
mechanisms, Ochoa , 133 

Triphosphopyridine nucleotide: Chem¬ 
ical constitution, Kornberg, 1051 
Trypsin: Cliymo-. See Chymotrypsin 
Tryptophan: Chick embryo nicotinic 
acid synthesis, relation, Schweigert, 
German, and Garber , 383 

Metabolism, vitamin Be rdle, Jun - 
queira and Schweigert , 605 

-Niacin transformation, pyridoxine 
deficiency, effect, Ling , Hegsted, 
and Stare , 803 

-Niacin-deficient diets, amino acids, 
effect, Hankes , Henderson , Brickson, 
and Elvehjem , 873 

Tyrosine: d-, growth, effect, Buhl and 

637 
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Tyrosine— continued: 

Dir, radioactive carbon labeled with, 
melanosarcoma, distribution, Reid 
and Jones , 427 

Metabolism, antipernicious anemia ex¬ 
tracts and, scurvy, relation, Sealock 
and Lepow , 763 

V 

Van Slyke: Apparatus, blood g^S, micro- 
volumetric, Whiteley , 947 

Vasoconstrictor: Blood serum, purifica¬ 
tion, Rapport , Oreen , and Page , 735 

Virus: Bacterial, synthesis, Cohen , 

281, 295 

Tobacco mosaic, blood serum albumin 
and, interaction, Lauffer , 481 

Vitamin (s): A, fetus, cholesterol-high 
maternal diet, effect, Williamson , 

631 


Vltamin(s)—conttmtsd* 

A, utilisation, media, Malpitn and 
Bidy , 817 

B e , tryptophan metabolism, r61e, 
Junqueira and Schweigert , 605 

Biz, crystalline, chick growth, effect, 
0#, Riches , and Wood, 1047 

B», distillers’ solubles, growth, effect, 
Novak and Hauge , 647 

X 

Xanthine: Oxidase, related enzymes and, 
6-pteridyl aldehyde effect, Kalckar, 
Kjeldgaard , and Klenow , 771 

Y 

Yeast: Nucleic acid, cytidylic acid and 
diammonium uridylate preparation, 
Loving , /to#, and Pierce, 729 





